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ABSTRACT
BIOMOLECULAR ENGINEERING OF SIRNA THERAPEUTICS
By
JOSEPH A. GREDELL

RNA interference (RNAi) provides a powerful means for regulating gene
expression. Although it is a relatively recent discovery, it has already proven useful in
identification of gene/protein functions and is in the process of being utilized for disease
treatment in humans. Continued use of this pathway for a variety of applications would
benefit from a more thorough understanding of the role of the initiator molecules of
RNAI, small interfering RNA (siRNA). As the efficacy of siRNAs that mediate RNAI is
known to vary greatly, the aim of this thesis was to study three steps of the pathway that
pose barriers to identifying and developing highly active siRNA molecules for use as
therapeutic agents.

The first of these factors investigated in this research was the effect of secondary
structure within the mRNA site targeted by siRNA. The results obtained from both
experimental and computational studies show that sites with extensive mRNA secondary
structure were less susceptible to silencing, while those containing unpaired nucleotides
at either the 5'- or 3'-end were generally more amenable. Similar observations were made
when taking into account siRNA guide strand structure. Taken together, there is a
correlation between RNA structure and silencing efficiency that ultimately can be
included in existing and future siRNA selection algorithms for the improved
identification of active siRNAs, thus reducing the number of sequences to be tested

before selecting one capable of significantly silencing the target gene.



The second aspect of RNAI explored here was the influence of siRNA sequence
and hybridization stability on recognition by the TAR RNA binding protein (TRBP).
This protein is part of the RNA induced silencing complex (RISC) responsible for
targeting and cleaving mRNAs to achieve silencing. It was found that TRBP can detect
the overall and relative stability of the two ends of the siRNA by interacting primarily
with the more stable end, and that the interaction is similarly reflected when binding to
single-stranded RNAs alone. Additionally, TRBP interactions can be altered through the
inclusion of mismatches within the siRNA sequence or DNA substitutions. These
observations suggest a role for TRBP in the mechanism of RISC formation as well as a
means to improve siRNA functionality through modification of the RNA or its sequence.

The third focus was to develop a biocompatible and biodegradable cationic
polymer capable of delivering siRNA into cells grown in vitro, with potential use later for
in vivo applications. These nanoparticles (NPs) were generated with “click” chemistry,
allowing for a systematic study of a range of variables contributing to siRNA binding.
Strong siRNA binding required a NP containing a combination of primary and secondary
amine groups to facilitate electrostatic interactions. Inclusion of alkyl chains enhanced
binding, perhaps by causing vesicle-like formation, while polyethylene glycol (PEG)
reduced overall binding affinity, consistent with its known charge shielding effects. The
NPs were capable of delivering siRNAs to cells, but were unable to release them to
initiate RNAi. Collectively, the work presented here provides a framework for
identifying and engineering more active siRNA molecules by taking into account mRNA
target structure and TRBP binding preferences, as well as achieving efficient cellular

uptake of such engineered molecules with a novel type of polymeric nanoparticle.
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CHAPTER 1. INTRODUCTION

1.1 Significance

The flow of information from the DNA in our genomes to messenger RNA
(mRNA), through the process of transcription, and the subsequent translation of protein
from that mRNA, is a crucial process carried out in all the cells of our bodies. Disruption
of that process can have severe effects, which can lead to disease. Understanding how
our DNA is maintained and used for mRNA and protein production is therefore essential
for developing methods for disease treatment and prevention. With the successful
completion of the Human Genome Project in 2003, the DNA sequence for every putative
human gene is known (Consortium, 2004; Venter et al., 2001). Current estimates place
the number of protein-coding genes between 20,000-25,000 (Consortium, 2004).
However, the precise function(s) of the proteins encoded by each gene is not yet known.

Accordingly, an extremely powerful research tool would be one by which gene
expression can be speciﬁcallyAinhjbited and the effect on cellular pathways observed.
One tool currently being utilized for this purpose is RNA interference. RNA interference
(RNAI) is a natural pathway that mediates sequence specific changes on mRNA levels
through small interfering RNA (siRNA) molecules (Hannon, 2002). The resulting
reduced protein levels are related directly to the Watson-Crick base-pairing between the
siRNA and the complementary target mRNA. For scientists, RNAI is already proving
useful, with synthetic siRNAs being used on a daily basis to target specific genes of
interest. From the resulting changes in protein levels, protein function and interactions

can in many instances be deduced. Additionally, these small RNA molecules are being



pursued as therapeutics, since they could potentially reduce the levels of proteins related
to various diseases; some are even in clinical trials for treatment of diseases such as
macular degeneration (http://www.clinicaltrials.gov).

The considerable investigation of the RNAi pathway since its discovery has led to
an unfortunate conclusion, that not all siRNAs are able to reduce the level of their target
gene. Selecting, testing, and characterizing siRNAs to find an effective sequence can be
a time consuming and costly endeavor. Compound that with the fact that some siRNAs
even have effects on the expression level of unintended mRNAs or cause immune
responses (they resemble viruses in many ways), which can mask or preclude their
desired effect, much remains to be learned to realize the full potential of RNAi-based
applications. The work described here helps to improve the understanding of the
mechanism of RNAi, provides additional means for selecting functional siRNA
sequences, and presents a novel method for delivering siRNAs for therapeutic

applications.

1.2 Background

In 1998, evidence was presented suggesting that dsSRNA was responsible for
suppression of gene expression in the nematode Caenorhabditis elegans (Fire et al.,
1998). Double-stranded RNAs (dsRNAs) targeting well-characterized genes were
injected into adult hermaphrodites, and changes in phenotype, such as body size and
muscle formation, were observed. Small concentrations (only a few molecules) of
dsRNA were required per cell to prevent expression of the target gene, and silencing
endured for several cell divisions (Fire et al., 1998). Prior to this, several laboratories had

observed a similar “co-suppression” effect in plants due to viral replication or transgene



expression (reviewed in (Baulcombe, 2004)). Today, these are classical examples of
post-transcriptional gene silencing (PTGS) that fall under the category of RNA
interference. This phenomenon results in potent and primarily specific gene silencing
that occurs in most eukaryotes (Fire et al., 1998; Hannon, 2002) and is believed to exist
as a mechanism for organisms to sustain genetic integrity by minimizing repetitive DNA
and by preventing deleterious gene expression, such as expression of viral genes
(Conklin, 2003). The profound effect that this pathway has had on our understanding of
basic biology, particularly the role that RNA plays in cell regulation, as well as its
potential for utilization as a research and therapeutic tool, led to the 2006 Nobel Prize in

Physiology or Medicine being awarded to Andrew Fire and Craig Mello for its discovery.

1.3 RNA Interference mechanism

The mechanism of RNAI is composed of two distinct phases (Figure 1-1). In the
initiation phase, long dsRNAs are cleaved by the ribonuclease (RNase) III enzyme Dicer
into 21-27 nt non-coding RNA molecules called siRNAs (Bernstein et al., 2001; Elbashir
et al.,, 2001a; Provost et al., 2002). They are then incorporated into the RNA induced
silencing complex (RISC), which in the effector phase uses the siRNA as a template to
bind to complementary mRNAs through Watson-Crick base-pairing. RISC cleaves the
mRNA so that the corresponding protein cannot be translated; the effect is often referred
to as gene silencing or knockdown.

There are several possible sources of dsSRNAs greater than ~30 nucleotides (nt) in
length that can be cleaved by Dicer to generate siRNAs. Some dsRNAs are naturally
expressed (Watanabe et al., 2008), such as those produced by viruses or transposons

(reviewed in (Saunders and Barber, 2003; van Rij and Berezikov, 2009)). Others can be
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Figure 1-1 Mechanism of RNAi.

RNA interference is initiated by the successful delivery of siRNAs to the cell cytoplasm
or by their endogenous expression (1). They are then recognized by the proteins
comprising the RISC loading complex (RLC) (2) and a single strand of the siRNA
duplex, the guide strand, is loaded onto RISC (3). That strand is then used to guide RISC
binding to the target mRNA and subsequent cleavage (4), thereby preventing expression
of the intended protein (5).




exogenously delivered via plasmids that, once transcribed, form short hairpin RNA
(shRNA) that can be similarly processed by Dicer to yield siRNAs (reviewed in (Rossi,
2008)). Conveniently, siRNAs can also be chemically synthesized and delivered to cells,
thus bypassing the need for Dicer processing. A related type of small RNA, known as
microRNA (miRNA), is produced by a similar mechanism (reviewed in (Siomi and
Siomi, 2009)). Primary precursors of miRNAs (pri-miRNA) typically result from
polymerase II transcription products encoded by the genome that form stem-loop
structures. Drosha, another RNase III endonuclease, then processes the pri-miRNAs in
the nucleus into premature miRNA (pre-miRNA) ~65-70 nt long (Lee et al., 2003).
Finally, the pre-miRNA is exported to the cytoplasm (Exportin-5) (Lund et al., 2004)
and, similar to siRNA production, is cleaved by Dicer to yield the mature miRNA.

Much of the current understanding of how RNAi works is based upon studies
done using Drosophila melanogaster. In the fruit fly, the second of two Dicer isoforms
(Dicer-2) is responsible for processing long dsRNAs into siRNAs (Bernstein et al., 2001).
Due to the orientation and processing of the RNA-binding and RNase domains of Dicer-
2, the resulting siRNAs are composed of two complementary strands having 5'-phosphate
groups and 2 nt overhangs on either 3'-end (Bernstein et al., 2001) (Figure 1-2). These
two distinct structural features are critical for their downstream activity yet are
independent of their nucleotide sequence. Dicer-2 and an associated double-stranded
RNA binding protein (dsRBP), R2D2, then jointly interact with the siRNA (Liu et al.,
2003). The heterodimer of Dicer-2/R2D2 positions itself on the siRNA so that R2D2
binds to the more stable end of the duplex (Tomari et al., 2004) while the PAZ domain of

Dicer-2 recognizes the 3'-OH group on the opposing 2 nt overhang (Ma et al., 2004). The
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Figure 1-2 siRNA structure.

siRNAs are composed of two ~21 nt long complementary RNA strands held together by
Watson-Crick base-pairing. The strands are slightly offset to have 2 nt overhangs on
either 3'-end and each 5'-end is phosphorylated. The top strand here is designated as the
“antisense” or “guide” strand and is complementary to the target mRNA. The bottom
strand is referred to as the “sense” or “passenger” strand.



positioning of these three molecules, known as the RISC loading complex (RLC), occurs
based on the thermodynamics of the siRNA and the 5'-phosphorylation status (Tomari et
al., 2004). The strand bound by Dicer-2 at the 5'-end is used to guide RISC to the target
mRNA and is therefore known as the guide strand. Next, the endonuclease Argonaute
(Ago) 2 associates with the RLC and cleaves the passenger strand in an ATP-dependent
step (Matranga et al., 2005). The passenger strand fragments are released for further
degradation (Liu et al., 2004) and only the guide strand is preferentially retained in active
RISC (Matranga et al., 2005; Tomari et al., 2004).

Active RISC subsequently uses the selectively incorporated guide strand as a
template to bind mRNAs containing regions of Watson-Crick base-pairing
complementarity. It is believed that the first 2-8 nts of the guide strand, known as the
seed region, primarily contribute to target recognition by providing the necessary binding
energy (Haley and Zamore, 2004). Perfect binding between guide strand-loaded RISC
and mRNAs, such as tends to be the case when using an siRNA, leads to Ago2-mediated
cleavage of the cognate mRNA between bases 10 and 11 of the siRNA/mRNA duplex
relative to the 5'-end of the guide strand (Elbashir et al., 2001b; Rand et al., 2005; Song et
al., 2004). However, mismatches between the guide strand and the mRNA, often
encountered when RISC is loaded with miRNAs, frequently can result in translational
repression (Doench and Sharp, 2004). For both mechanisms, translation of the
corresponding protein is inhibited, resulting in the so-called gene silencing that is the
hallmark of RNAi. Several additional proteins can associate with active RISC, such as
Tudor staphylococcal nuclease (Tudor-SN), vasa intronic gene (VIG), and the Drosophila

homolog of fragile X-related gene (dFXR) (Caudy and Hannon, 2004; Caudy et al., 2003;



Caudy et al., 2002; Ishizuka et al., 2002). However, their role in RNAI is unknown and

appears to be nonessential as only Dicer-2/R2D2/Ago2 is necessary for function.

1.3.1 Human RNAi mechanism

The RNAi mechanism is largely conserved among eukaryotes. Recently,
numerous studies have elucidated many of the details for human RNAi. Human Dicer,
~200kDa, can bind and cleave dsRNAs into siRNAs (MacRae et al., 2007; MacRae et al.,
2006; Pellino et al., 2005), as in Drosophila, as well as bind short single-stranded siRNAs
(ss-siRNAs) (Kini and Walton, 2007; Lima et al., 2009). In the cases where siRNAs are
exogenoﬁsly delivered, if either 5'-end lacks a phosphate, as with chemically-synthesized
siRNAs, a phosphate is added by Clp (Weitzer and Martinez, 2007). The siRNAs then
become part of the RLC with Dicer and the ~35kDa TAR RNA binding protein (TRBP)
(Chendrimada et al., 2005; Gregory et al., 2005; Haase et al., 2005; MacRae et al., 2008).
TRBP is a dsRBP with homology to R2D2 and is hypothesized to perform a similar role
in the RLC (Forstemann et al., 2005; Haase et al., 2005; Murphy et al., 2008). Once
Dicer/TRBP associate with an siRNA, one of four Argonaute proteins joins the complex
(reviewed in (Hutvagner and Simard, 2008; Siomi and Siomi, 2009)). Only RISC formed
with Ago2 is capable of cleaving target mRNAs (MacRae et al., 2008; Meister et al.,
2004; Rivas et al., 2005; Vickers et al., 2007). Interestingly, recombinant Ago2 can bind
ss-siRNAs alone and use them to guide target mRNA cleavage (Rivas et al., 2005). As
with Drosophila, several additional proteins can associate with RISC, most likely through
specific interactions with a particular RISC component. For instance, Dicer is known to
interact directly with TRBP and the Protein Kinase R (PKR) activator (PACT) (discussed

more below) (Kok et al., 2007; Laraki et al., 2008). Similarly, Ago2 associates with the



DEAD-box helicase DP103 (Gemin3 and ddx20) and P-body components, among others
(Donker et al., 2007; Hutvagner and Zamore, 2002; Jakymiw et al., 2005; Lian et al.,

2007; Liu et al., 2005a; Liu et al., 2005b; Meister et al., 2005).

1.3.2 dsRBPs involved in and related to RNAi

Double stranded RNA binding proteins (dsRBPs) contribute to numerous critical
cellular pathways, including gene silencing, RNA editing, protein phosphorylation,
transcription, and translation (Chang and Ramos, 2005). By definition, they bind to
dsRNA, typically doing so through dsRNA binding domains (dsRBDs). dsRBDs
maintain a highly-conserved afppa (Figure 1-3) structure after folding of ~65-68 amino
acids that can interact with A-form RNA via the 2'-OH and backbone phosphate groups
(Doyle and Jantsch, 2002; Nanduri et al., 1998; Ramos et al., 2000; Ryter and Schultz,
1998; Saunders and Barber, 2003). Additionally, most dsRBDs appear to rely on at least
16-20 base-pairs of dsRNA for recognition (Manche et al., 1992; Ryter and Schultz,
1998; Zheng and Bevilacqua, 2004) since shorter sequences may not allow sufficient
protein/RNA contacts, as illustrated by the crystal structure of a dsRBD from Xenopus
Xlrbpa with a short non-physiological dSRNA comparable in size to an siRNA (Ryter and
Schultz, 1998). However, two reports show that as few as 11 base-pairs (equivalent to
one helical turn of dsRNA) can be sufficient for binding by a single dsRBD (Manche et
al., 1992; Nanduri et al., 1998). Binding is generally acknowledged to be sequence
independent because the major groove, where specific base interactions are mediated, is
narrow and deep and therefore inaccessible (Chang and Ramos, 2005; Fierro-Monti and

Mathews, 2000; Seeman et al., 1976). However, tolerance for disruptions of the dSSRNA



TRBP PKR PACT

Figure 1-3 Double stranded RNA binding domain structures of three dsRBPs.

The solution structures for the dsRBD of TRBP (dsRBD 2; Protein Data Bank# 2cpn),
PKR (both dsRBDs; #1qu6), and PACT (#2dix) reveal conserved afffa structures that
are believed to mediate contacts with the 2'-OH and phosphate groups of the dsRNA
(reviewed in (Chang and Ramos, 2005)).



helix exist and may in some instances even contribute to binding (Bevilacqua et al., 1998;
Nallagatla et al., 2007). Furthermore, dsRBPs do not tend to bind ssSRNA unless they
form secondary structures like hairpin loops (Saunders and Barber, 2003).

A classic source of dsRNA is viral infection, and accordingly, it is no surprise that
many dsRBPs participate in the innate immune response. More recently noteworthy for
its presence in human RISC, TRBP was originally identified by its ability to bind the
Trans-activating region (TAR) located in the 5'- and 3'-long terminal repeats (LTRs) of
all human immunodeficiency virus (HIV-1) mRNA transcripts (Gatignol et al., 1991).
TAR RNA forms a classic stem-loop secondary structure (Figure 1-4) where the stem,
bulge (nts 23-25), and loop (nts 30-35) are important for transactivator of transcription
(Tat) binding and subsequent mRNA transcription (Berkhout and Jeang, 1991; Rana and
Jeang, 1999). TRBP facilitates Tat binding, possibly by altering the local structure of
TAR or by mediating binding of other cofactors, and enhances transcription rates, aiding
HIV-1 infection (Erard et al., 1998; Gatignol et al., 1991). TRBP has since been shown
to have oncoprotein-like behavior as its over-expression promotes proliferation
(Benkirane et al., 1997; Eckmann and Jantsch, 1997). Therefore, TRBP provides a direct
link among several biological pathways, including viral recognition and gene silencing,
by the manner in which it interacts with various types of dsSRNA.

Interestingly, a related dsRBP, Protein Kinase R (PKR), can also bind TAR RNA
(with a dissociation constant of ~1-100 nM), but, rather than facilitating HIV-1
expression, it suppresses function (Bevilacqua and Cech, 1996; Kim et al., 2006). It was
therefore not surprising to find that TRBP inhibits the antiviral effect of PKR (Benkirane

et al., 1997). PKR binds dsRNA via its two dsRBDs that work in tandem
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Figure 1-4 TAR RNA stem-loop secondary structure.

TRBP was discovered due to its binding of this TAR RNA stem-loop structure that forms
at the 5'- and 3'-ends of HIV-1 transcripts.
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(Bevilacqua and Cech, 1996; Bevilacqua et al., 1998; Carlson et al., 2003). Upon
binding, PKR homodimerizes and activates by autophosphorylation, initiating a signaling
cascade that culminates in cytokine production (specifically the interferons, IFN-a and
IFN-B) and a generalized inhibition of protein translation (through eIF2a) (Cosentino et
al., 1995; Garcia et al., 2006; Patel et al., 1995). These two results contribute to the
innate immune response to viral infection by killing the infected cell in an attempt to
prevent spread of the infection.

It is not quite clear how TRBP and PKR have opposing roles in their response to
dsRNA despite similar means of binding. One theory is that TRBP sequesters the
dsRNA to preclude recognition by PKR. It is also possible that TRBP and PKR bind
simultaneously to a dsRNA (Cosentino et al., 1995). Like PKR, TRBP contains two
dsRBDs at its N-terminus that are responsible for dSRNA binding, and its affinity for
TAR RNA and other dsSRNA appears to be comparable to that observed for dsRNA
binding by PKR, ~1-100 nM (Bevilacqua and Cech, 1996). However, TRBP only
appears to require the second dsRBD for high affinity binding (Daviet et al., 2000). Also
interesting is that TRBP binding to dSRNA appears to be uncooperative; that is, it does
not show increased affinity for longer sequences (Parker et al., 2008). This is in contrast
to PKR and RDE-4 (a dsRBP from C. elegans that participates in siRNA production)
which show a marked difference in affinity for longer dsSRNAs (Parker et al., 2008).
TRBP and PKR can also heterodimerize directly through the C-terminal domain of
TRBP, called the Medipal domain (Daher et al., 2001), as well as heterodimerize with a
third dsRBP, PACT (Laraki et al., 2008). PACT helps to activate PKR (Chendrimada et

al., 2005; Haase et al., 2005; Kok et al., 2007; Li et al., 2006), but, because it shares
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~42% homology with TRBP, it is hypothesized to assist in siRNA production (Haase et
al., 2005; Kok et al., 2007). Similarity among the dsRBDs of these (Figure 1-3), and a
number of other proteins involved directly in RNA, illustrates the likely importance of

these domains and their interactions with RNAs in achieving silencing.

1.3.3 Non-specific effects - Inmune response and off-target effects of
SiRNAs

Given the similarity of TRBP, PKR, and PACT as dsRBPs and their role in
recognition of dsSRNA for RNAI or during viral infection, it is not surprising that siRNAs
can also stimulate an immune response (Bridge et al., 2003; Hornung et al., 2005; Judge
et al., 2005; Kariko et al., 2004; Kim et al., 2004; Sledz et al., 2003). Other cytoplasmic
proteins, such as the RNA helicases RIG-1 and MDA-5, contribute to this effect, by
activating pathways that stimulate the interferons, like PKR does, and other inflammatory
cytokines (Yoneyama et al., 2004). While each of these proteins is predominantly
localized within the cytoplasm, the immunostimulatory effect of siRNAs is more often
associated with the transmembrane Toll-like Receptors (TLRs). The family of ~10 TLRs
in humans is traditionally responsive to viruses or bacteria components, with each
receptor showing specificity towards a particular type of pathogen (Meylan and Tschopp,
2006). TLR3 is documented for recognizing dsRNA independent of sequence, including
siRNA in some instances (Kariko et al., 2004), while TLR7/8 is more often associated
with binding ssRNAs (Kleinman et al., 2008; Sioud, 2006). However, TLR7/8 have
recently been implicated in initiating an immune response to certain siRNA sequence

motifs (Hornung et al., 2005). These TLRs (3/7/8) are not highly expressed on most cell
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lines and that could explain why early studies with siRNAs in human cell culture did not
detect an immune response (reviewed in (Judge and Maclachlan, 2008)).

In addition to the immune response occasionally stimulated by siRNAs, siRNAs
can have unanticipated effects on many other untargeted genes by being only partially
complementary to mRNAs besides the intended target (Fedorov et al., 2006; Jackson et
al., 2003; Scacheri et al., 2004). It appears that target recognition is mediated through
similarity with the “seed” region of the siRNA, the first 2-8 bases, or with the passenger

strand (Jackson et al., 2006; Lai, 2002).

1.4 Application of RNAIi

The primary goal of applying RNAI for research or therapeutic purposes, like any
other drug, is to achieve targeted and controllable changes in the cell while minimizing
undesirable effects. Much of the difficulty surrounding the application of siRNAs is due
to the variability in silencing activity of different sequences, where, unfortunately, the
proportion of siRNAs that are successful in repressing their target gene, termed active or
functional siRNAs, is low, not unlike what was found for antisense oligonucleotides
(asODNss), another technique for inhibition of gene expression by targeting the mRNA
(Stein, 1998; Vickers et al., 2003). Thus, a common goal of RNAi-related research is to
develop siRNAs that maximize reduction of the target gene at the lowest possible

concentration while avoiding non-specific effects.

1.4.1 Selection of highly active siRNA sequences

The identification of highly active siRNA sequences is complicated by the sheer

size of the human genome. This makes a randomized approach difficult, since early work
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with RNAI found that randomly selected siRNA activity could vary greatly (Amarzguioui
and Prydz, 2004). Initial strategies for improving the selection focused on eliminating
sequences based on high (>70%) or low (<40%) GC content and stretches of greater than
four consecutive identical bases (e.g., GGGG) (Elbashir et al., 2002). These two
guidelines made siRNA synthesis more efficient but were not based on mechanistic
understanding.

Since then, as the number of siRNAs tested has increased, empirical rules have
been proposed that can be used as part of elaborate computational algorithms that use
tens of parameters to predict which sequences are active and even what their activity will
be (Ge et al., 2005; Lu and Mathews, 2007; Shah et al., 2007; Shao et al., 2007; Vert et
al., 2006). In many cases, these rules merely result from statistical sampling of large
numbers of sequences and have limited mechanistic implications. More elaborate
selection algorithms have been developed that further discriminate the most important
siRNA structural and sequence features.

Perhaps the most important rule in siRNA design, duplex asymmetry, is derived
from the mechanistic understanding that RISC can sense the relative end stabilities of the
siRNA duplex. In theory, both strands of the siRNA may be incorporated into active
RISC, with approximately half of RISCs able to silence the target complementary to the
guide strand and the other half silencing any targets that happen to be complementary to
the passenger strand. However, the strand whose 5'-end is less stably hybridized within
the siRNA duplex becomes preferentially incorporated into active RISC (Khvorova et al.,
2003; Schwarz et al., 2003; Tomari et al., 2004). The result is that a higher proportion of

active RISCs contain the guide strand (for the desired target), leading to more active
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target silencing. Many of the positional base preferences that have been identified and
are implemented in siRNA design algorithms tend to yield the desired differential
stability between the two ends (Jagla et al., 2005; Lu and Mathews, 2007; Reynolds et al.,
2004; Shao et al., 2007; Ui-Tei et al., 2004).

Although duplex asymmetry can lead to favorable guide strand selection after
passenger strand cleavage by Ago2, it is possible that the retained guide strand forms
secondary structure that can inhibit Ago2-loading and subsequent target recognition
(Patzel et al., 2005). Rather than experimentally determine guide strand structure, it is
more commonly predicted using separately developed algorithms (discussed in more
detail below). Strands that form little to no structure are then weighted favorably in the
siRNA selection algorithm (Koberle et al., 2006; Patzel et al.,, 2005). However, the
impact of guide strand structure on selecting effective siRNAs is still under debate and is
not incorporated into all current algorithms (Lu and Mathews, 2007).

Once the guide strand is loaded onto Ago2, RISC must locate and bind to
complementary mRNAs. As one might expect, the accessibility of the target mRNA can
have considerable influence on the accompanying level of silencing, as had been found
for asODNSs (Vickers et al., 2000; Walton et al., 2002). mRNA transcripts within the cell
are known to exist in complexes with numerous ribonucleoproteins (RNPs) that are
important for stabilizing the RNA and for protein synthesis. Naturally, these RNPs pose
a hindrance for RISC binding, and vice versa, but not in a way that is at present
predictable. However, accessibility can also be limited by secondary structures formed
by the mRNA. Whereas siRNA and miRNA sequences are only ~21 nt long, mRNAs

can be several 1000 nt long and therefore tend to possess significant numbers of
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intramolecular base-pairs (e.g., the mRNA transcript encoded by the enhanced green
fluorescent protein (EGFP) plasmid is predicted to have more than 50% of the
nucleotides involved in base-pairs (Gredell et al., 2008)). Several programs exist that
predict RNA structures using “nearest-neighbor” free energy values experimentally
determined for short RNA sequences (Mathews et al., 1999). One class of program (e.g.,
mfold/UNAfold) minimizes the global free energy of the entire RNA sequence by
extrapolating from the nearest-neighbor values (Markham and Zuker, 2008; Zuker,
2003). A second class of program (e.g., Sfold, RNA Vienna Package) utilizes a statistical
partition function approach based on the Boltzman ensemble of all allowable secondary
structures, from which the most likely structure is selected (Ding et al., 2004; Hofacker et
al., 1994). The programs quickly calculate siRNA guide strand structure (21 nt long), but
the calculation time and memory requirements scale as the sequence length cubed, so
mRNAs can require considerably more time and computational capacity (Lu and
Mathews, 2007).

Several reports have used these programs to predict mRNA structures and
demonstrate a direct impact on siRNA efficacy (Ameres et al., 2007; Bohula et al., 2003;
Brown et al., 2005; Far and Sczakiel, 2003; Lu and Mathews, 2007; Overhoff et al.,
2005; Schubert et al., 2005; Shao et al., 2007; Vickers et al., 2003; Westerhout and
Berkhout, 2007; Yoshinari et al., 2004). Gene silencing decreased when the orientation
or the degree of partial base-pairing of a target construct was varied for a single siRNA
(Schubert et al., 2005; Westerhout and Berkhout, 2007). This idea was extended to full-
length transcripts (ICAM-1 and survivin) where siRNAs targeting inaccessible regions

(i.e., those with extensive secondary structure) were ten-fold less active than accessible
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sites (Overhoff et al., 2005). One particularly intriguing indication of the importance of
target mRNA structure on RNAI is illustrated by the ability of HIV-1 to overcome
silencing by mutating the siRNA target sequence, doing so in a fashion that also alters its
local RNA secondary structure (Leonard et al., 2008; Westerhout et al., 2005).

Today, the best siRNA selection algorithms rely most heavily on rules that
support incorporation of the appropriate guide strand, based on siRNA asymmetry, and
account for mRNA target structure effects (Lu and Mathews, 2007; Shao et al., 2007).
When trained with large data sets consisting of results from experiments with hundreds of
different siRNAs, they can predict siRNA sequences for new targets with upwards of
90% accuracy (Lu and Mathews, 2007; Shao et al., 2007). Furthermore, attempts are
being made to select against sequences resulting in non-specific effects, including off-
target silencing and immune responses (Fedorov et al., 2006; Jackson et al., 2003;
Reynolds et al., 2006; Scacheri et al., 2004; Sledz et al., 2003). Considerable effort is
also being made by privately held companies to predict siRNAs. It is unknown what the
various proprietary algorithms incorporate, but they are clearly capable of selecting
effective siRNAs and almost certainly include many of the variables discussed above.
Companies are also beginning to offer sets of validated siRNAs for human, mouse, and
rat genomes that have been identified and experimentally validated to possess "high

activity" by some definition.

1.4.2 Specific uses of RNAi

The most common application of RNAI is for studying gene and protein function.
In this situation, one or more genes can be targeted for silencing by one or more siRNAs.

The effect on the cell can then be analyzed to deduce function of the missing protein.

19



Results such as these are published virtually every day and have already provided much
insight into biological function.

However, it is becoming of greater interest to use small RNAs to target genes of
known function to improve the expression of recombinant proteins in plants and modified
mammalian cells (e.g., Chinese hamster ovary (CHO)). Currently, 60-70% of all
recombinant protein pharmaceuticals are produced in mammalian cells (Wurm, 2004).
These proteins tend to be of high value and therefore slight gains in output can have vast
economic benefits. Rather than use siRNAs to initiate RNAi1, which result in transient
changes to gene expression, the host genome can be modified to stably produce shRNAs
that permanently alter expression of genes/pathways detrimental to protein production
(Cox et al., 2006; Dodo et al., 2008). The targeted genes tend to lead to increased cell
density and growth rates, and improved protein solubility, stability, and membrane
permeability (Allen et al., 2008; Allen et al., 2004; Kim et al., 2007; Tang et al., 2007,
Zhu and Galili, 2004).

A valuable use of the RNAi pathway is to treat human disease caused by
unregulated protein expression. siRNAs are already being tested in vivo, and several are
entering, or are currently in, clinical trials (http://clinicaltrials.gov). These first
generation therapeutic siRNAs, summarized in Table 1-1, are typically delivered locally
by physical means and target well-studied pathways. Furthermore, many of the siRNAs
are chemically modified to enhance their stability in vivo (discussed below). In some
cases, the method of delivery (discussed below) is as much the focal point of study as the

response to the siRNA itself.
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In each of these clinical trials using an siRNA as the therapeutic agent, the
intention is to reduce the expression of a specific gene. As with any therapeutic, the
expected mechanism of action may not always be the actual mechanism. Recently it was
found that an siRNA targeting the vascular endothelial growth factor (VEGF) or its
receptor (for treatment of choroidal neovascularization due to wet amyloid macular
degeneration - AMD) could achieve an effect on the target gene by inadvertently
activating TLR3 (Kleinman et al., 2008). The resulting immune stimulation, as
characterized by the induction of IFN-y and IL-12, was principally responsible for the
therapeutic effect, independent of the RNAi pathway. In two other studies, immune
stimulation due to an shRNA was linked to excess guide strand levels, perhaps from
TLR7/8 responsiveness, or from competition with endogenous miRNAs that caused a
saturation of some of the RNAi pathway proteins, particularly Exportin-5 (Grimm et al.,
2006; McBride et al., 2008). These results from shRNA mediated silencing further
support investigation of the use of siRNA-based RNAI, as siRNAs are not trafficked and
processed in the same manner as shRNAs and miRNAs. Nonetheless, understanding
strategies for mitigating the side-effects of stable in vivo silencing will be useful for
development of treatments for chronic diseases as well as for establishing cell lines with

constitutively modified gene expression.

1.4.3 siRNA delivery

While the improvement of algorithms that effectively identify highly functional
siRNAs is a point of emphasis for in vitro applications of RNAI, the main limitation for
in vivo work, and consequently usage in a human clinical setting, is delivery. In some

lower organisms, such as worms, dSRNA (siRNA) can be eaten, absorbed, or injected,
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resulting in highly efficient, systemic delivery (Fire et al., 1998; Hannon, 2002).
However, in mammals, systemic uptake of naked siRNA (siRNA alone with no delivery
agent) is typically poor, as nucleic acids do not freely diffuse across the cellular
membrane. This effect is greatly compounded due to the rapid degradation of siRNAs by
nucleases (< 1hr half-life in serum), binding by other factors found in the blood, and by
clearance by the kidneys (Zhang et al., 2007). Although viral methods have the ability to
overcome these limitations by incorporation of silencing constructs into the infected cells
(reviewed in (Manjunath et al., 2009)), viral gene therapy methods still suffer from a
number of safety issues that have caused multiple gene therapy clinical trials to be
abandoned or curtailed. Thus, much effort is being spent developing non-viral delivery
methods for siRNAs so that their therapeutic potential can be realized.

In some instances, uptake can be forced through physical methods, including
intravascular injection, ultrasound, electroporation, and gene guns (Wolff and Rozema,
2008). In other circumstances, delivery can be accomplished by aerosolizing the siRNA
for administration to the lungs, or by application of siRNA in a topical cream for dermal
delivery (de Fougerolles et al., 2007; Wang et al., 2008). The siRNAs currently in
clinical trials are delivered either by injection into the eye (for age-related macular
degeneration, AMD) or inhalation to the lungs (for respiratory syncytial virus, RSV) (de
Fougerolles, 2008). Unfortunately, these methods are not viable for delivery to deep
tissues or tumors, targets of significant interest for siRNA therapeutics. As an alternative,
both lipid and polymer based reagents are being pursued as delivery vehicles that can be

applied systemically, with the potential for localized targeting, and that may even allow
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transport through the blood brain barrier for treatment of neurological disorders
(Pardridge, 2007).

Due to their phosphate backbone, all nucleic acids are negatively charged.
Accordingly, delivery vehicles typically utilize electrostatic interactions between the
nucleic acid backbone and either cationic lipids (lipoplexes) or cationic polymers
(polyplexes). Condensing the siRNA in the vehicle can be achieved through simple
mixing of the siRNA and vehicle in an aqueous buffer and allowing them to self-
assemble or by more complex techniques such as spray drying (Takashima et al., 2007).
The resulting complexes, which can range in size from ~50-300 nm, have been applied in
vitro or in vivo. In several of the conditions studied to date, the complex charge tends to
be slightly positive overall, which facilitates contact with the negative charge of the
cellular membrane without causing substantial interactions with blood components that
would lead to complement activation (Bartlett and Davis, 2007a, b). For systemic
delivery, while there is no universally optimal size, it is generally considered that
complexes must be large enough to protect the siRNA from nuclease digestion and renal
clearance (> 10nm) but also small enough (< 70-100nm) to allow access to cells such as
hepatocytes through capillary circulation (Bartlett and Davis, 2007b; Wolff and Rozema,
2008). After association with the extracellular membrane, the complexes are then
endocytosed (Zuhorn et al., 2007). The siRNAs must then escape the endocytic vesicles
into the cytosol to initiate RNAi.

The traditional structure of lipid-based delivery reagents is that of a fatty acid
with a cationic head group and a non-polar hydrocarbon tail. Use of this type of

transfection was first demonstrated using DOTMA with plasmids (Felgner et al., 1987).
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Early RNAI transfection was performed using lipids developed for delivery of either
plasmids or antisense oligonucleotides. Since then, a variety of proprietary lipid
formulations have been developed that are specifically designed for siRNA transfection
to cultured cells, such as Lipofectamine RNAIMAX (Invitrogen) or siPORT NeoFX
(Applied Biosystems - Ambion). These reagents can be very effective at delivering
siRNAs to diverse cell lines, but, unfortunately, they can be toxic at concentrations only
moderately higher than concentrations required for effective siRNA delivery; in vivo
experiments have also demonstrated similar toxicity concerns (Zhang et al., 2007).
While generally not an issue for cultured cell applications, this small therapeutic window
limits the prospects for use of these types of delivery agents for clinical applications.
Recently, a combinatorial approach was used to test lipid-like compounds termed
“lipidoids” to deliver siRNAs, finding that a diverse subset caused extensive silencing in
conditions ranging from cell culture to non-human primate animals (Akinc et al., 2008).
In many cases, these molecules were also found to have acceptable toxicity profiles in
vivo. These readily synthesized materials provide an alternative to traditional lipids,
expand the set of available transfection reagents, and provide insight as to the physical
and chemical characteristics necessary for the most effective lipid vehicles. However,
due to the relatively limited chemical and structural diversity in lipid and lipid-like
vehicles, considerably more effort at creating in vivo delivery vehicles has been invested
in using polymeric vehicles for nucleic acid delivery, in general, and for delivery of
siRNAs, specifically.

Polymeric vehicles have strong potential for siRNA delivery applications because

they provide protection from nucleases and other serum components and facilitate
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endocytosis of the siRNA and its release into the cytosol. Of these, polyethylenimine
(PEI) is perhaps the most commonly used and well-studied (Kircheis et al., 2001). At
physiologic pH, the amine groups of PEI are protonated, providing the positive charge
necessary to condense the nucleic acid (Clamme et al., 2003). Both linear PEI (LPEI)
and branched PEI (BPEI) have shown encouraging results in silencing applications, with
some molecular weights also demonstrating delivery of active siRNAs in vivo (Urban-
Klein et al., 2005). In several instances, modifications, such as biomolecule addition
(e.g., cholesterol, antibodies/peptides, or aptamers) or crosslinking have been made to
minimize the toxicity associated with the larger molecular weight PEIs and to improve
and target delivery (Swami et al., 2007). A particularly common modification is the
addition of polyethylene glycol (PEG), which partially shields the chargés on the polymer
and siRNA, thereby improving membrane interactions, increasing product release, and
decreasing toxicity (Wolff and Rozema, 2008). Interestingly, there appears to be an
optimal amount and length of PEG per polymer, although the combinations studied have
not led to a consensus set of guidelines (Brus et al., 2004; Kunath et al., 2002; Mao et al.,
2006).

Although PEI is perhaps the most commonly studied polymer, two other
considerably more complex systems have shown intriguing in vivo results. The first is
called a “Dynamic PolyConjugate” (Rozema et al., 2003; Rozema et al., 2007, Wakefield
et al., 2005). This vehicle contains multiple functional entities to address delivery in a
stepwise manner. In a manner akin to a multi-stage rocket, groups are released from the
conjugate once they have served their purpose, thus preventing interruption of

downstream events. Starting with a membrane-active poly butyl amino vinyl ether
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(PBAVE) backbone, PEG and N-acetylgalactosamine (for hepatocyte targeting) were
attached via maleamate linkages. The siRNA is also covalently linked to the backbone
via a disulfide bond. The maleamate linkages are reduced in the endosomal vesicles,
exposing the PBAVE, which lyses the endosomal vesicles. The PBAVE-siRNA disulfide
bond is reduced once the complex enters the cytoplasm, thereby protecting the siRNA
from degradation until it is released in the compartment where it can access the RNAi
machinery. Two different siRNAs delivered using this vehicle silenced their target genes
by ~60-80% (Rozema et al., 2007).

A second system is built by self-assembly of an siRNA with a cyclodextrin-
modified PEI, PEG, and transferrin (for targeting to tumor cells) (Hu-Lieskovan et al.,
2005; Pun et al., 2004). This complex shows low toxicity and effective silencing of the
target gene in a mouse model and in non-human primates. Together, these two polymeric
systems highlight the utility of incorporating factors for targeted delivery and endosomal
release. However, they also illustrate the potential complexity of the polymers required

to address the many limitations that restrict delivery of active siRNAs in vivo.

1.4.4 Chemical modification of siRNA

The numerous studies utilizing siRNA underscore the complexity of the various
overlapping pathways that can be initiated by dSRNA and that care must be taken when
eventually progressing to in vivo applications. Chemical modification of the siRNA is
one avenue of pursuit to address the problems of nuclease degradation, immune
activation, off-target effects, cell uptake, and pharmacokinetics, essentially aiming to

increase the longevity and specificity of the siRNA in the cellular environment.
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Coincidentally, many of these problems were previously encountered with asODNs and
thus those results have at least partially guided siRNA development in this regard.
There are limited ways in which the siRNA can be modified. The overall shape
(i.e., overhangs) or length can be changed, where siRNAs only a few nucleotides longer
than 21 base-pairs can sometimes be processed efficiently by Dicer and may facilitate
guide strand loading into RISC (Kim et al., 2005; Rose et al., 2005; Siolas et al., 2005).
Alternatively, chemical modifications can be made to the three key regions of each
nucleotide: the phosphodiester backbone, the ribose ring, or the nucleoside base.
Modifications to the ribose sugar, specifically at the 2'-position, are probably the most
common alterations used for siRNAs. The groups frequently added, such as 2'-O-methyl,
-fluoro, and locked nucleic acids (LNA) (Corey, 2007) interfere with hydrolysis. In
some cases, they even enhance activity relative to unmodified sequences (Elmen et al.,
2005; Terrazas and Kool, 2009). However, bulkier groups at the 2' position are less well
tolerated and start to have a detrimental effect on silencing potency. A variety of
backbone modifications are available, with phosphorothioate (PS) linkages being
routinely used because they specifically enhance the resistance of the backbone to
cleavage by RNases. Unfortunately, substantial PS modifications result in increased
cytotoxicity (Corey, 2007; Rana, 2007). Boranophosphate (BO) linkages, while having
been studied less frequently and being limited in scale by synthesis techniques, appear to
offer similar benefits (Corey, 2007). Base modifications are more limited, but can also
improve resistance to nuclease digestion. However, that tends to come at the price of
silencing because many of the modifications reduce the hydrogen bonding and therefore

decrease hybridization affinity. Other modifications that were originally devised to
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improve the biodistribution of antisense oligonucleotides, such as direct conjugation to
cholesterol, receptor ligands, and transport peptides, can potentially be applied for
siRNAs as well, provided they do not prevent recognition of the modified siRNA by
RNAI proteins (reviewed in (de Fougerolles et al., 2007)).

Two more recent reports have shown interesting results utilizing modifications to
siRNAs. The passenger strand, when modified with a 5'-O-methyl group, prevented
phosphorylation and decreased RISC activity of that strand (Chen et al., 2008). This
simultaneously had the fortunate result of reducing off-target effects induced by the
passenger strand. A second study found that substituting DNA nucleotides everywhere in
the 5'-third of the siRNA duplex, on both the guide and passenger strands, eliminated off-
target effects without substantial reduction in siRNA activity (Ui-Tei et al., 2008).
Presumably, RNA at the 3'-end of the guide strand is necessary for interactions with
TRBP or Ago2, either for formation of a stable RLC and RISC or for stabilizing
hybridization to the target mRNA; conversely, the DNA:RNA hybrid formed at the 3'-
end of the passenger strand appears not to permit the interactions that are essential for

RNAi.
1.5 Approach and specific aims

The work described here aimed to develop a better understanding of the pathway
of RNA interference in the effort to develop siRNAs for research and therapeutic
purposes. Three aspects associated with RNAi were investigated; the theory was that if
each step in the application of siRNAs could be optimized, then their overall efficacy

would be maximized. The approach was to study, using experimental and computational

29



techniques, three key aspects of RNAi to improve the rational selection of active siRNA

sequences and their subsequent delivery.

The specific aims of the present study were to:
1. Characterize the effect of secondary structure within the mRNA site targeted by

the siRNA on the silencing activity of the siRNA.

Algorithms used to identify active siRNAs have historically relied on
thermodynamic asymmetry and other sequence preferences for filtering, while ignoring
contributions from the secondary structure of the mRNA target site. Here, certain
structures predicted by UNAfold (Markham and Zuker, 2008), in which the global free
energy was minimized, were found to be more amenable to silencing based on
experimental results with 15 siRNAs and computational results with an additional 533
sequences. Furthermore, guide strand structure was also observed to correlate with
activity, independent of mRNA structure. The methods described can readily be

incorporated into improved siRNA selection algorithms.

2. Determine the characteristics of siRNAs that enhance their recognition in the

RNAI pathway by the TAR RNA binding protein (TRBP).

The ability of human RISC to recognize siRNA asymmetry has been documented

based on empirical evidence from experiments with hundreds of different siRNAs.

However, the mechanism for the sensing remains unknown. It is shown here that TRBP
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alone can perform this function. This result clarifies the role of TRBP in RNAi and

suggests a possible mechanism for loading of the guide strand in RISC.

3. Develop a biocompatible and biodegradable cationic polymer nanoparticle

capable of delivering siRNA into cells grown in vitro.

A novel polymer system generated with “click” chemistry was used to study a
range of variables contributing to siRNA binding, a key step necessary for eventually
achieving cellular uptake and in vivo silencing. High affinity binding of the nanoparticles
with siRNA was found to require a combination of primary and secondary amine groups,
and could be enhanced by including 12-16 carbon long alkyl side chains off the polymer
backbone. Other changes in polymer functional groups also altered the affinity.
Ultimately, uptake of the siRNA into cells grown in culture could be facilitated by the

nanoparticles, thus providing a new platform for further development.
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CHAPTER 2. IMPACT OF TARGET MRNA STRUCTURE
ON SIRNA SILENCING EFFICIENCY

2.1 Abstract

The selection of active siRNAs is generally based on identifying siRNAs with
certain sequence and structural properties. However, the efficiency of RNA interference
has also been shown to depend on the structure of the target mRNA, primarily through
studies using exogenous transcripts with well-defined secondary structures in the vicinity
of the target sequence. While these studies provide a means for examining the impact of
target sequence and structure independently, the predicted secondary structures for these
transcripts are often not reflective of structures that form in full-length, native mRNAs
where interactions can occur between relatively remote segments of the mRNAs. Here,
using a combination of experimental results and analyses on a large dataset, we
demonstrate that the accessibility of certain local target structures on the mRNA is an
important determinant in the gene silencing ability of the siRNAs. siRNAs targeting the
enhanced green fluorescent protein were chosen using a minimal siRNA selection
algorithm followed by classification based on the predicted minimum free energy
structures of the target transcripts. Transfection in HeLa and HepG2 cells revealed that
siRNAs targeting regions of the mRNA predigted to have unpaired 5'- and 3'-ends
resulted in greater gene silencing than regions predicted to have other types of secondary
structure. These results were confirmed by analysis of gene silencing data from
previously published siRNAs, which showed that mRNA target regions unpaired at either
the 5'-end or 3'-end were silenced, on average, ~10% more strongly than target regions

unpaired in the center or primarily paired throughout. We found this effect to be
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independent of the structure of the siRNA guide strand. Taken together, these results
suggest minimal requirements for nucleation of hybridization between the siRNA guide
strand and mRNA and that both mRNA and guide strand structure should be considered

when choosing candidate siRNAs.
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2.2 Introduction

RNA interference (RNAi) is a natural phenomenon resulting in potent and
primarily specific gene silencing that occurs in most eukaryotes (Fire et al., 1998;
Hannon, 2002). RNAI is initiated in cells by the presence of either short interfering
RNAs (siRNAs) or microRNAs (miRNAs), which are small non-coding RNA molecules
~21 nucleotides (nt) long (Elbashir et al., 2001a). The guide strand of these small RNAs
is incorporated into the active RNA induced silencing complex (RISC), which then
targets mRNAs possessing regions complementary to the guide strand sequence. Upon
hybridization to the target message, RISC prohibits its translation, either by cleavage of
the target mRNA when guided by siRNAs, or non-degradative translational repression
when guided by miRNAs. Utilization of exogenously delivered siRNAs to silence
desired targets by RNAi has become a powerful tool for facilitating disease diagnosis and
treatment and improving our general understanding of fundamental biological processes
(Hannon, 2002; Mello and Conte, 2004).

Unfortunately, the proportion of siRNAs that are successful in repressing a target
gene is low, not unlike what was found for antisense oligonucleotides (asODNs) (Stein,
1998). As with asODN:Ss, early strategies for choosing siRNAs focused on the sequence
of siRNAs, eliminating sequences based on GC content and stretches of greater than four
consecutive identical bases (e.g., GGGG) (Elbashir et al., 2002). These guidelines made
siRNA synthesis more convenient but were not based on mechanistic understanding.

After identification of siRNAs that would be amenable to synthesis, genomic uniqueness
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would be verified by BLAST searching. The remaining candidate siRNAs would then be
tested for activity in cell culture to identify the best silencers.

As data from siRNA experiments has accumulated, more elaborate selection
algorithms have been developed that further discriminate the most important siRNA
structural and sequence features. One important design rule is based on the relative end
stabilities of the siRNA duplex, with the strand whose 5'-end is more weakly hybridized
incorporated preferentially into RISC (Khvorova et al., 2003; Schwarz et al., 2003;
Tomari et al., 2004). Specific positional base preferences have been identified that tend
to favor the differential stabilities of the two ends (Jagla et al., 2005; Reynolds et al.,
2004; Ui-Tei et al., 2004). Additionally, formation of secondary structure in the siRNA
guide strand can impair the ability of RISC to interact with its target mRNA (Patzel et al.,
2005), analogous to what was shown with asODN (Mathews et al., 1999; Walton et al.,
1999). More recently, attempts have been made to select against sequences resulting in
non-specific effects, including off-target silencing and immune responses (Fedorov et al.,
2006; Jackson et al., 2003; Reynolds et al., 2006; Scacheri et al., 2004; Sledz et al.,
2003).

However, current siRNA selection guidelines have not typically included possible
impacts of the target mRNA structure on silencing efficiency. It has been shown that
siRNAs can be equally effective when targeting inside the coding region of the mRNA or
the 5'- and 3'- untranslated regions (e.g., (Yoshinari et al., 2004)). Several reports have
used well-defined helices to demonstrate that local target structure has a direct impact on
siRNA efficacy (Ameres et al., 2007; Bohula et al., 2003; Brown et al., 2005; Far and

Sczakiel, 2003; Overhoff et al., 2005; Schubert et al., 2005; Shao et al., 2007; Vickers et
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al., 2003; Westerhout and Berkhout, 2007; Yoshinari et al., 2004). Gene silencing
decreased when the orientation or the degree of partial base-pairing of a target construct
was varied for a single siRNA (Schubert et al., 2005; Westerhout and Berkhout, 2007).
This idea was extended to full-length transcripts (ICAM-1 and survivin) where siRNAs
targeting inaccessible regions were ten-fold less active than accessible sites (Overhoff et
al., 2005). Native mRNA structures likely inhibit the interaction of RISC with the target
RNA, again echoing that which was found for target mRNA structure on asODN function
(Vickers et al., 2000; Walton et al., 2002). One particularly intriguing indication of the
importance of target mRNA structure on RNAI is illustrated by the ability of HIV-1 to
overcome silencing by mutating the siRNA target sequence, doing so in a fashion that
also alters its local RNA secondary structure (Westerhout et al., 2005).

In this report, we show that the influence of local mRNA target structure on the
efficiency of siRNA-mediated RNAi is universal, applying to both endogenous and
exogenous transcripts, across a variety of cell types. In addition, this influence can be
reliably captured through prediction of the minimum free energy secondary structure of
the full-length target mRNA. The impact of mRNA target structure on silencing was also
found to be independent of the predicted structure of the siRNA guide strand, arguing

that multiple structural factors should be taken into account when designing siRNAs.

2.3 Results

2.3.1 siRNA selection and mRNA target structure determination

We sought to establish a relationship between the gene silencing activity of

siRNAs and the structure of the target mRNA. siRNAs were designed using Ambion's
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siRNA Target Finder such that siRNA structures were only limited to having a 19 nt
duplex with 3'-UU overhangs. No other sequence restrictions were selected. Of the 35
siRNAs returned by the algorithm, 15 were chosen for synthesis based on their GC
content and the predicted structure of the target region of the mRNA (Table 2-1 and
Figure 2-1). For our experiments, an EGFP reporter gene exhibiting an ~2 hr half-life
was selected. This particular EGFP has been used frequently for RNAi assessment, with
several effective siRNAs in existence (Kim and Rossi, 2003).

In the MFE structure, 506 out of 846 (59.8%) of the nucleotides were predicted to
exist in intramolecular base-pairs. We selected our 15 designed siRNAs to sample a
number of uniquely structured regions. We considered the scenario where the loop
portion of the stem-loop was at the 5'-end, the center, or at the 3'-end of the siRNA target
site within the mRNA (Figures 2-1 and 2-2). These regions were chosen for our
classification as each has been shown to contribute uniquely to the binding and activity of
RISC (Haley and Zamore, 2004), and the structures of the ends of guide strands are also
known to impact silencing efficiency (Patzel et al., 2005). For central loops, we
expanded the region of availability to encompass 4 nt to either side of the cleavage site
because hybridization stability in this region is known to impact silencing efficiency
dramatically (Elbashir et al., 2001b; Martinez and Tuschl, 2004). A loop length of 4
consecutive unpaired nucleotides was chosen based on what has been shown to be
required for nucleation in bimolecular hybridization (e.g., (Hargittai et al., 2004)). For
each of these three target structure types, we selected siRNAs having low (<50%),
medium (50% to 60%), and high (>60%) GC content. No siRNAs with very low GC

content (<30%) were returned by the algorithm, but this fact was ignored as they have
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Table 2-1 Details for EGFP targeting siRNAs experimentally validated in this study.

Start _End Antisense Sense GC Content (%)
71 89 ACGCUGAACUUGUGGCCGU ACGGC CACAAGUUCAGCGU1 52
81 99 CUCGCCGGACACGCUGAAC GUUCAGCGUGUCCGGCGAG 62
126 144 GAUGAACUUCAGGGUCAGC GCUGACCCUGAAGUUCAUC ' 48
159 177 GGGCCAGGGCACGGGCAGC GCUGCCCGUGCCCUGGCCC 76
274 292 UGCGCUCCUGGACGUAGCC GGCUACGUCCAGGAGCGCA 62
306 324 CUUGUAGUUGCCGUCGUCC GGACGACGGCAACUACAAG 52
318 336 CUCGGCGCGGGUCUUGUAG CUACAAGACCCGCGCCGAG 62
396 414 CAGGAUGUUGCCGUCCUCC GGAGGACGGCAACAUCCUG 57
441 459 GAUAUAGACGUUGUGGCUG CAGCCACAACGUCUAUAUC 43
471 489 CUUGAUGCCGUUCUUCUGC GCAGAAGAACGGCAUCAAG 48
495 513 GUUGUGGCGGAUCUUGAAG CUUCAAGAUCCGCCACAAC 48
501 519 CUCGAUGUUGUGGCGGAUC GAUCCGCCACAACAUCGAG 52
558 576 GCCGUCGCCGAUGGGGGUG CACCCCCAUCGGCGACGGC 71
597 615 CUGGGUGCUCAGGUAGUGG CCACUACCUGAGCACCCAG 57
639 657 CAUGUGAUCGCGCUUCUCG CGAGAAGCGCGAUCACAUG 52

* Start sites are relative to the start codon of the EGFP coding sequence. GC Content is

21 nt.

siRNA sequences obtained from (Kim and Rossi, 2003).
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Figure 2-1 mRNA predicted structures for siRNAs targeting EGFP.

The global mRNA structures were predicted (see Appendices — Materials and Methods
for Ch. 2) and the local target site (black line, * denotes 5'-end of site) is shown for each

siRNA. Target start position is indicated for each of the 15 siRNAs. See (Gredell et al.,
2008) for more details.
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Figure 2-2 Local mRNA target structure groupings.

Four local mRNA structures were considered when grouping siRNA target regions.
Classification in any group required an mRNA target region (black) that contained four
consecutive unpaired nucleotides (A) at the 5'-end, 'S'-loop'; (B) at the 3'-end, '3'-loop';
(C) centered around the siRNA cleavage site, 'central-loop'; or (D) nowhere along the
target, 'stem’.
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been shown to be less active (Reynolds et al., 2004). Search results were similarly
limited for very high GC content (>70%) as only two sequences (positions 159 and 558)
were identified. A lack of siRNAs with these GC contents is attributed to the overall GC
content of the mRNA transcript and not necessarily to the search algorithm. To
maximize the unique mRNA structures targeted, we also synthesized an siRNA predicted
to target a fully looped region (pos. 597). Coincidentally, the siRNA at position 159

targeted a fully stemmed region.

2.3.2 Silencing activity of siRNAs targeting the EGFP mRNA

The activity of each siRNA was assessed in HeLa and HepG2 cells by
cotransfection with the reporter EGFP plasmid. These cell lines were chosen because of
their 1) popularity of use and 2) difference in transfection efficiency. No significant
toxicity due to transfection was observed (data not shown). EGFP protein expression was
quantified directly from live cells (Figure 2-3). Of the 15 siRNAs selected, 10 were
effective in silencing the EGFP > 50% and 8 siRNAs were highly effective, resulting in
silencing > 75%. These highly-effective siRNAs appeared to favor 5'- and 3'-target
structures, or structures predicted to be fully looped (i.e., single-stranded). Conversely,
siRNAs targeting central loops, fully hybridized regions, or regions with very high GC
content showed considerably lower silencing activity on average (Figure 2-3, siRNAs

159 and 558).

2.3.3 Consideration of larger siRNA dataset — data distribution

To support our observation that the structure of the siRNA target region plays a

role in gene silencing activity, we performed our target structure analysis on the siRNA
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Figure 2-3 mRNA target structure dependent gene silencing.

siRNAs targeting the EGFP mRNA (see Table 2-1 and Figure 2-1) were cotransfected
into HeLa and HepG2 cells and EGFP fluorescence levels were measured after 24 hrs.
siRNAs are grouped according to the predicted structure (Figure 2-2; 5' — 5'-loop; C —
central loop; 3' — 3'-loop; S — stem; L — completely unpaired, 'loop') of their target sites
and by GC content (-' — <50%; 'o' — 50-60%; '+' — 60-70%; '++' — >70%). Values
represent mean + standard deviation for at least eight independent experiments (n>8). All
siRNA treatments were significantly different from Control (Student's t-test; p<0.01)
except those denoted by * for HepG2 cells. Comparisons were also made for each
siRNA relative to the sequence giving the smallest change in EGFP expression level for
the corresponding cell line. HeLa: all siRNA treatments are significantly different from
siRNA 159 except those denoted by # (p<0.01). HepG2: all siRNA treatments are
significantly different from siRNA 558 except those denoted by $ (p<0.01).
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silencing database from (Shabalina et al., 2006). We analyzed the distribution of data
within this dataset and found that the distribution of siRNAs was heavily skewed to
siRNAs with high activity (low gene expression level) (Figure 2-4). Further investigation
revealed that this was partially a result of incorporating siRNAs from (Reynolds et al.,
2004), where 180 siRNAs targeting every other position of the cyclophilin B and firefly
luciferase were used. Removal of these siRNAs from the dataset rendered the data
relatively uniformly distributed, as would be expected for a well-sampled dataset. Our
subsequent analyses were performed with and without the Reynolds data so as to

characterize any uniqueness associated with this particular set of siRNAs.

2.3.4 Distribution of base-pairs within the mRNA target and the effect on
silencing activity

MFE mRNA secondary structures were predicted for the complete sequence of
each gene, as published by NCBI, in the dataset using UNAFold v. 3.4, with default
settings (Markham and Zuker, 2005; Zuker, 2003). These structures were used to
determine the influence of the total number of base-pairs in the mRNA region targeted by
siRNA. We observed that siRNAs targeted structures ranging from those completely
unpaired (zero base-pairs in the mRNA target region) to those fully paired (19 base-pairs
in the target; Figure 2-5A), with the majority of target regions containing between 10 and
16 base-pairs. The average silencing efficiency tended to decréase as the total number of
base-pairs increased up to 16, beyond which the number of siRNAs in each group is too

limited to assess any significant trend (Figure 2-5B).
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Figure 2-4 Distribution of siRNAs.

The frequency of siRNAs giving an average gene expression remaining after siRNA
treatment (grouped into bins of 5%; e.g., 0-5, 5-10, etc.) is shown for the siRNAs from
the complete dataset and after the data from (Reynolds et al., 2004) was removed.
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Figure 2-5 Influence of the number of base-pairs within the target site.

Shown are (A) the frequency of siRNAs targeting mRNA sites with the predicted number
of base-pairings and (B) the effect of the number of base-pairs in the target site on the
average gene expression level remaining after siRNA treatment. For (B), only points
where more than 15 siRNAs were tested are shown. The linear regressions show a
positive correlation. As in Figure 2-4, data are plotted with and without the data from
(Reynolds et al., 2004).
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2.3.5 mRNA target loop size and location effects

Since the total number of base-pairs within an mRNA target appeared to influence
the degree of silencing, we hypothesized that the number and location of unpaired
nucleotides would be equally influential in gene silencing. Using the large dataset, we
determined the location of unpaired loops in the mRNA target sites. We considered
scenarios where loops contained 1, 2, 3, 4, or 5 consecutive unpaired nucleotides and
called this the “window size”. The window was walked along the target site (5'-end of
mRNA target is position 1), and the average silencing activity for those siRNAs that were
unpaired in that window was calculated (Figure 2-6). Even at a window size of 1, the
silencing activity tended to be > 5% better at the 5'- and 3'-ends than at the center,
supporting the results we obtained in our experimental system (Figure 2-3). This trend
became more pronounced as the window size increased from 1 to 4 where the difference
in silencing activity from ends to center was 8-10%. It is worthwhile to note that 4
available nucleotides has been shown to permit nucleation of nucleic acid hybridization
(Hargittai et al., 2004), supporting our result. Little change was observed increasing from
a window size of 4 to 5 (Figure 2-6). We therefore defined our loop size for structure
classification as four consecutive unpaired nucleotides (W=4) and refined our target

structure matrix (Table 2-2).
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Figure 2-6 Effect of window size on gene expression level.

The profiles of the average gene expression level are shown for siRNAs (complete

dataset) that were completely unpaired in the readmg window (W=1, 2, 3, 4, or 5
ive nucleotides). B the window size changes, the number of possible

windows changes concomitantly; that is, there are 19 windows of size 1 but only 16

windows of size 4 along a 19 nt long siRNA.
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For targets that contained both a central loop and either a 5'- or 3'-loop, we
classified these as one of the latter. The distribution of the data was similar in each
group, with noticeably less skew when ignoring the Reynolds data (data not shown). The
5'- and 3'-loop structures showed improved silencing activity, while siRNAs targeting
central loops demonstrated reduced functionality. Furthermore, stem structures gave
~12% lower silencing efficiency as compared to 3'-loops. The functionality of siRNAs
within these groups (Table 2-2) was then compared to each remaining group using an
unpaired Student's t-test. The silencing activity of siRNAs in either the 5'- or 3'-groups
was significantly higher than for siRNAs in the center, stem, and other groups (Table 2-
3); the p-value for the combined 5'- and 3'-groups versus all others was 0.0038 and
0.0005 for the Complete Data and No Reynolds Data, respectively, providing statistical

support to our group classifications.

2.3.6 siRNA guide strand structure effects

To demonstrate that siRNA guide strand structures were not confounding our
analyses of mRNA local target structures, we determined the MFE secondary structure
for each guide strand and performed the same analysis as described above for the mRNA.
Guide structures of the 5'- and 3'-loop types (defined using W=4) were twice as common
as central loops, with <2% forming stems; no guide strands formed “other” structures
(Table 2-2). Consistent with a previous report (Patzel et al., 2005), guide structures with
5'-loops resulted in improved gene silencing relative to central and 3'-loops (Table 2-2),

as confirmed by Student's t-test (Table 2-4).
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Table 2-3 Statistical analysis of siRNA activity between groups for mRNA target
structures.

Complete Data

Central 3 Stem Other All
5 0.0281 0.4101 0.0100 0.3007 0.0503
Central 0.0472 0.3812 0.1095 0.0853
3 0.0192 0.3772 0.1039
Stem 0.0589 0.0150
Other 0.2834
5'and 3' 0.0038

No Reynolds Data

Central 3 Stem Other All
5 0.0867 0.3439 0.0094 0.1321 0.0822
Central 0.0446 0.2267 0.4410 0.2075
3 0.0034 0.0752 0.0232
Stem 0.1940 0.0068
Other 0.3028
5'and 3' 0.0005

The silencing activities for siRNAs in the group in the left-hand column were compared
to the activities for siRNAs in the group along the top row and the resulting p-value is
shown. Note that the p-value for the 5' versus 3' comparison did not take into account the
fact that ~5% of the siRNAs can be classified as both 5'- and 3'-loops; therefore the data
are not completely independent and thus those p-values are larger than if the groupings
were independent. However, in the comparison of siRNA activities for groups in the left-
hand column versus activities from all other siRNAs not in that group (“All” group in the
top row), only independent siRNAs were considered. We also compared siRNAs in
either the 5' or 3' groups together versus “All”. This p-value was lower than either the 5'
versus “All” or the 3' versus “All” p-values because the 5' and 3' groups were not
significantly different from each other, yet they were included in the “All” grouping.
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Table 2-4 Statistical analysis of siRNA activity between groups for guide strand
structures.

Complete Data

Central 3 Stem All
h) 0.0058 0.0491 0.1566 0.0029
Central 0.1255 0.3645 0.0363
3 0.2539 0.3730
Stem 0.2372
5'and 3' 0.0227

No Reynolds Data

Central 3 Stem All
b 0.0331 0.0718 0.1264 0.0129
Central 0.2347 0.2168 0.1123
3 0.1749 0.3105
Stem 0.1619
5'and 3' 0.0583

The silencing activities for siRNAs in the group in the left-hand column were compared
to the activities for siRNAs in the group along the top row and the resulting p-value is
shown. Note that the p-value for the 5' versus 3' comparison did not take into account the
fact that ~30% of the siRNAs in the guide strand structure analysis can be classified as
both 5'- and 3'-loops; therefore the data are not completely independent and thus those p-
values are larger than if the groupings were independent. However, in the comparison of
siRNA activities for groups in the left-hand column versus activities from all other
siRNAs not in that group (“All” group in the top row), only independent siRNAs were
considered. We also compared siRNAs in either the 5' or 3' groups together versus “All”.
However, the 5' group, and not the 3' group, was significantly different than the “All”
group. Therefore the significance in the comparison of 5' and 3' versus “All” is due to the
inclusion of the 5' group results and not the 3' group.
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We next considered a pair-wise comparison of each mRNA structure group versus
each guide structure group (Table 2-5). siRNAs with any combination of 5'- or 3'-loops
in the mRNA or guide structures tended to give the best silencing, with >5% difference in
activity compared to combinations including central, stem, or other groups. siRNAs with
central loops in the guide strand or targeting stems in the mRNA had lower silencing
activities, as was expected. Taken together, these results suggest that inclusion of basic
mRNA secondary structural information, in parallel with siRNA guide strand structure

details, can improve the likelihood of identifying active siRNAs.

2.4 Discussion

Accurately accounting for significant controlling parameters in siRNA design
continues to pose a considerable problem for RNAIi applications. Ideally, all mRNAs
targeted for cleavage by RISC would be entirely single-stranded and free from ribosomes
or other bound molecules, allowing for uninhibited hybridization of any siRNA guide
strand to its complementary target. Even ignoring the presence of ribosomes, it has been
shown that the accessibility of the target mRNA through complex secondary structures
can influence RNAi (Ameres et al., 2007; Bohula et al., 2003; Brown et al., 2005; Long
et al., 2007; Overhoff et al., 2005; Schubert et al., 2005; Shao et al., 2007; Vickers et al.,
2003; Westerhout and Berkhout, 2007; Yoshinari et al., 2004). In this work, our goal was
to facilitate incorporation of target mRNA structure into siRNA design algorithms by
investigating which mRNA structure types were most amenable to silencing. We
experimentally showed that specific regions of the target mRNA were more susceptible
to RNAI silencing than others. Furthermore, these results were in agreement with

computational analyses of data available in the literature. The majority of our results (41
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Table 2-5 Distribution of siRNA functionality for each target structure
classification.

Guide Strand
5 Central 3 Stem
35.4 432 409 | 189
5' 0.4996 | 0.0141 | 0.0876
43 24 64 4
41.6 49.9 50.7 | 56.0
Central | 0,0149 | 0.4147 | 0.1948
31 41 29 1
35.9 49.5 367 | 702
3 0.3969 | 0.0258 | 0.1405
64 19 50 4
45.0 52.1 499 | NA
Stem | 0.0035 | 04659 | 0.1011
66 23 71 0

mRNA

Target structures were defined when 4 or more consecutive unpaired nucleotides were
present in the specified regions of either the siRNA guide strand or the mRNA target.
The entries in each box represent the average gene expression level (top), the p-value
from a one-sided Student's t-test (middle), and the total number of siRNAs within that
group (bottom) for siRNAs in the Complete Dataset.
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of 42 genes) are based on the silencing of endogenous mRNAs, thus avoiding any
artifacts that may have arisen by silencing only exogenous or engineered constructs.
Despite the variety of systems and readouts used to obtain it, the data clearly showed that
siRNAs targeting regions unpaired at either the 5'- or 3'-end silenced, on average, 8%
better than siRNAs targeting regions unpaired in the center or without any unpaired
windows. Though this net effect could be argued to be small, our observation is
consistent with a recent report showing an average difference in knockdown of ~14% for
101 shRNAs when accounting for an energy parameter in target accessibility calculations
(Shao et al., 2007). It is noteworthy that in this same report a difference of ~35% was
found when only considering shRNAs that have a favorable duplex asymmetry. While
we did not take into account duplex asymmetry in our analyses, these results strongly
sﬁgg&ct that our differences in average silencing would be improved by removing
siRNAs that are not asymmetric. = Regardless, provided that it comes at low
computational and time costs, the additional information gained by using mRNA target
structure predictions is warranted for incorporation into siRNA design algorithms to
enhance the likelihood of selection of active siRNAs.

As the number of experimentally tested siRNAs increases, it becomes vitally
important to note the conditions for both design and application of effective and
ineffective sequences when reporting results. By doing so, one could greatly enhance the
set of siRNAs available for bioinformatics studies and development of design algorithms
(Matveeva et al., 2007). Algorithms would be similarly assisted by using silencing
results from siRNAs randomly selected for their target, since more elaborate selection

methods may bias sequences towards parameters already shown to be relevant, such as
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GC content and other particular positional base preferences (Reynolds et al., 2004). We
therefore designed our siRNAs targeting EGFP using an algorithm developed to take
advantage of a simple method for enzymatic siRNA  synthesis
(http://www.ambion.com/techlib/misc/siRNA_finder.html). This algorithm only required
that the target site lie immediately downstream of 'AA' dinucleotides, and so all of our
experimental sequences contained UU overhangs (making the entire 21 nt of the siRNA
complementary to the target mRNA). This is certainly a potential source of bias, and
may be one reason why our initial experiments yielded such a high proportion of active
siRNAs (8 out of 15 silenced the EGFP more than 75%). It is noteworthy that the siRNA
targeting a fully unpaired region resulted in >75% silencing (Figure 2-3; target 597) and
that the siRNAs targeting fully paired regions (targets 159 and 396) yielded only ~20-
40% reduction, an expected trend for the most and least ideal target types, respectively.
Moreover, the total number of base-pairs within the mRNA target site, another metric for
target site stability, showed a normal distribution around 11 base-pairs, with or without
the data from (Reynolds et al., 2004) (Figure 2-5A). This suggests that most siRNA
target sites have at least half of the target region sequestered in native structure. As with
the loop and stem targeting siRNAs, siRNAs targeting regions with fewer total base-pairs
tended to reduce gene expression more effectively (Figure 2-5B).

When analyzing data for parametric information, it is important that the dataset is
as unbiased as possible and contains enough data points to draw the appropriate
conclusions. Beginning with the entire database of (Shabalina et al., 2006), we pared it
down to only those siRNAs targeting human genes shorter than 6,000 nts. This

dramatically increased our structural prediction speed while only reducing our dataset by
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18%, from 653 to 533 siRNAs. After examining the activity profile of the remaining
sequences, we observed that the data were skewed to siRNAs that reduced gene
expression levels below 35% (Figure 2-4), due to the Reynolds data. Despite our
concerns about the unequal weighting in the data, inclusion of these data in our analyses
did not significantly alter the results for 5'-, central, or 3'-loops (Figures 2-5 and 2-6,
Tables 2-2 and 2-3). Some effect, though, was seen on the sequences in the “other”
grouping. "Other" refers to those sequences that have loops but not in regions to be
classified in the 5'-loop, 3'-loop, or central class. The average gene expression remaining
for this group increased from 42% to 51% upon removal of the Reynolds data. Similarly,
the analyses implemented in Table 2-3 (and data not shown) revealed no statistically
significant effect from this group. These results indicate that structures that fall into the
“other” class are not as critical for defining silencing efficiency, though this issue is still
up for debate (Katoh and Suzuki, 2007; Schwarz et al., 2006).

Predicted secondary structures for RNA have been determined using algorithms
such as mfold (Mathews et al., 1999; Zuker, 2003) or the Vienna RNA Package
(Hofacker, 2003) that utilize nearest-neighbor energies to obtain an MFE structure and a
set of suboptimal structures. However, others have suggested that this unnecessarily
assumes that the MFE structure is the most prevalent structure of the mRNA in the cell
(Ding et al.,, 2004). Instead, an ensemble of foldings encompassing a statistically
significant sampling (~1000 structures) is considered more appropriate (Ding et al.,
2004). This lends itself to a stochastic approach where the probabilities of interactions
can be assessed. Both methods have proven useful in attempting to account for mRNA

target structure in RNAi (Ameres et al., 2007; Heale et al., 2005; Long et al., 2007
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Overhoff et al., 2005; Patzel et al., 2005; Schubert et al., 2005; Shao et al., 2007,
Westerhout and Berkhout, 2007). While we did not consider ensembles in this work, for
design purposes, our results (Figure 2-3 and Tables 2-2 and 2-5) and those of several
others (Far and Sczakiel, 2003; Luo and Chang, 2004; Patzel et al., 2005; Schubert et al.,
2005; Westerhout and Berkhout, 2007) show that mRNA MFE structures determined by
mfold alone provide information that is useful in refining the pool of candidates for
selection of active siRNAs.

It is well-established that RNA secondary structure predictions worsen as the
length of the sequence to be folded increases. It is therefore common to predict folded
structures for sequences of a given length, e.g., < 700 nt (Doshi et al., 2004; Mathews et
al., 2004). For predictions of local structures, the folded sequence is generally specified
to encompass a given length (~100 nt) of sequence upstream and downstream of the
target (Heale et al., 2005; Long et al., 2007). This approach, though possibly valuable for
gleaning additional information about the predicted target region structures, would not be
of interest to individuals designing siRNAs due to the computational expense, the number
of folds to analyze, and the lack of a rigorous definition as to the appropriate sequence
length to fold. As such, we did not investigate the use of a segmented approach for
prediction of our target structures.

The extent to which certain regions of the siRNA guide strands, and consequently
the mRNA regions targeted by those strands, influence RNAi has been somewhat
controversial (Haley and Zamore, 2004; Long et al., 2007; Patzel et al., 2005; Shao et al.,
2007, Westerhout and Berkhout, 2007). One report found that the 5'-end of the siRNA

guide strand contributes more to the binding of the target mRNA than the center and 3'-
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end, which affect the helical geometry of the siRNA/mRNA hybrid (Haley and Zamore,
2004). This conclusion is consistent with our analysis showing a preference for unpaired

"-ends in the guide strand over both central and 3'-loops (Tables 2-4 and 2-5). Our guide
strand results support those of Patzel and colleagues who found that for guide strands
forming stem-loop structures the 5'-end was more influential than the 3'-end, with either
being more critical than an unpaired central region (Koberle et al., 2006; Patzel et al.,
2005). These results imply that 3'- and 5'-ends of the mRNA regions targeted by the
guide strands are also important. This is further supported by a recent report that
describes accessibility of the 3'-end of the target site as an important determinant of RISC
activity (Ameres et al., 2007). It has also been shown using a reporter construct that a
free 3'-end in the target region improved RNAI silencing (Westerhout and Berkhout,
2007), though only limited structures were considered which perhaps masked the
contributions from the 5'-end. Destabilizing native mRNA structure both upstream and
downstream of the siRNA target sequence can enhance the association rate of RISC as
well (Ameres et al., 2007; Brown et al., 2005), which would suggest an improved
likelihood of silencing. Another recent study found that improved silencing occurs at
target sites bordered on both the 5'- and 3'-ends by regions of high AU content (Nielsen et
al., 2007), as these would presumably have relatively weaker native mRNA structure.
However, two other reports reached no such conclusions, instead noting that
siRNA/mRNA nucleation can occur anywhere along the target site (Long et al., 2007).
These papers used a threshold energy term in the analysis of miRNA (Long et al., 2007,
Shao et al., 2007) and siRNA (Shao et al., 2007) binding to structured targets. After

nucleation, a second energy parameter regarding helix elongation was required to fully
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describe the miRNA behavior. This report (Long et al., 2007) also showed that
nucleation of four consecutive unpaired nucleotides gave better correlations to gene
inhibition . This latter result is in agreement with our observations of siRNA initiated
gene silencing (Figure 2-6). Unfortunately, our attempts to describe the energetics of the
siRNA/mRNA interaction using the RNAup algorithm from the Vienna RNA Package
(Muckstein et al., 2006) or the algorithm of (Heale et al., 2005) were unsuccessful
(Figure 2-7). The fact that an effect was observed at both the 5'- and 3'-ends of the target
suggest that the seed site (i.e., the 5'-end) and the relative differential stability between
the 5'- and 3'-ends are not the only important parameters for si/miRNA functionality.
Most likely, it is easier for mRNA targets with four consecutive unpaired nucleotides at
one or both ends to form a stable hybrid with a guide strand also lacking structure at one
or both ends. Once initiated, the dSRNA helix can elongate, possibly facilitated by the
helicase component associated with active RISC (Robb and Rana, 2007).

Using a broad analysis of siRNA-mediated RNAi from the literature, we have
shown that siRNAs targeting mRNAs with predicted regions of four consecutive
unpaired nucleotides at either the 5'- or 3'-ends of the target site are more potent for
inducing RNAi-based gene silencing than when the center is unpaired or when the target
site has no unpaired regions. Additionally, these observations are consistent with the
mechanistic understanding of guide strand loading in the RNAi pathway. As these results
were based on predicted MFE structures, they demonstrate the utility of mRNA

secondary structure predictions in enhancing the likelihood of identifying active siRNAs.
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Figure 2-7 siRNA-mRNA interaction predictions.

(A) The interaction energies were calculated by the RNAup algorithm from the Vienna
RNA Package. The linear regression (grey line) distribution coefficient (R) is 0.1190.
(B) The relative accessibilities of the mRNA were calculated by the algorithm of Heale,
et al. (2005). The linear regression (grey line) distribution coefficient (R) is 0.0045.
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CHAPTER 3 RECOGNITION OF SIRNA BY TAR RNA
BINDING PROTEIN (TRBP)

3.1 Abstract

The recognition of small interfering RNAs (siRNAs) by the RNA induced
silencing complex (RISC) and its precursor, the RISC loading complex (RLC), is a key
step in the RNA interference pathway that controls the subsequent sequence-specific
mRNA degradation. In Drosophila, selection of the appropriate guide strand has been
shown to be mediated by the RLC protein R2D2, which senses the relative hybridization
stability between the two ends of the siRNA. A protein with similar function has yet to
be conclusively identified in humans. We show here that human TAR RNA binding
protein (TRBP) alone can bind siRNAs in vitro and sense their asymmetry in the absence
of ATP. We also show that TRBP can bind 21 nt ssRNA, though with far lower affinity
than for double-stranded siRNA, and that the binding reflects the bias observed with the
full siRNA duplex. This suggests that TRBP binding may be both sequence and stability
dependent. A computational analysis of published silencing results supports this
hypothesis. Together these results demonstrate the importance of the siRNA-TRBP

interaction in the formation of active RISC and in siRNA guide strand selection in RNA..
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3.2 Introduction

RNA interference (RNAi) is a means of enacting specific silencing of the
expression of a target gene (Fire et al., 1998; Hannon, 2002). The pathway is initiated
when long dsRNAs or pre-miRNAs are processed by the RNase III family enzyme Dicer
into 21-27 nt long siRNAs or miRNAs with 5'-phosphates and 3'-dinucleotide overhangs
(Bernstein et al., 2001). The resulting small noncoding RNA is then loaded into the RNA
induced silencing complex (RISC) (Maniataki and Mourelatos, 2005). Typically, RISC
cleaves the target mRNA when using an siRNA to guide sequence complementarity,
whereas miRNAs tend to result in translational inhibition (Siomi and Siomi, 2009).
RISC is minimally composed of Dicer, the TAR RNA binding protein (TRBP), and
Argonaute 2 (Ago2), although several other proteins have been shown to associate with
RISC in vivo (Chendrimada et al., 2005; Gregory et al., 2005; Haase et al., 2005; Kok et
al., 2007; Lee et al., 2006; MacRae et al., 2008; Robb and Rana, 2007). Dicer appears to
couple dsRNA processing with selection of one strand of the siRNA for loading onto
Ago2 (Kim et al., 2005; Rose et al., 2005; Siolas et al., 2005), the catalytic component of
RISC responsible for degradation of the opposite siRNA strand and the target mRNA
(Liu et al., 2004; Matranga et al., 2005; Meister et al., 2004; Rand et al., 2005; Rivas et
al., 2005; Song et al., 2004). The precise contribution of TRBP to this process has yet to
be established.

TRBP was first identified by its ability to bind the TAR RNA structure present in
human immunodeficiency virus (HIV-1) transcripts (Gatignol et al., 1991). Later, it was

shown that TRBP can inhibit Protein Kinase R (PKR), an important contributor to the
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innate response to viral infection (Benkirane et al., 1997). Most recently, it was found
that TRBP interacts directly with Dicer, as well as the activator of PKR (PACT), through
the Medipal domain present at the C-terminus of TRBP (Laraki et al., 2008), and that the
interaction is not mediated solely by dsRNA (Haase et al., 2005). A similar interaction is
detected in Drosophila, where Dicer-2 associates with the dsRNA-binding protein
(dsRBP) R2D2 (Liu et al., 2003). Together, the Dicer-2/R2D2 complex senses the
relative thermodynamic asymmetry within an siRNA (Tomari et al., 2004). R2D2 binds
to the more stable (dsRNA-like) end, leaving Dicer-2 to bind the opposite end.
Furthermore, binding is enhanced by the presence of a 5'-phosphate on the passenger
strand; hydroxyl groups, such as those present during chemical siRNA synthesis, inhibit
binding (Tomari et al., 2004). As a result of the biased binding, a specific strand of the
siRNA, termed the guide strand, is preferentially loaded into RISC, and the
complementary passenger strand is degraded (Matranga et al., 2005; Rand et al., 2005).
Human RISC has been extensively shown to sense asymmetry between the ends
of the siRNA or miRNA, leading to the preferential incorporation of a single strand as the
guide strand (Gregory et al., 2005; Khvorova et al., 2003; Maniataki and Mourelatos,
2005; Reynolds et al., 2004). This has been accomplished with crude cell extracts and
immunopurified proteins (Gregory et al., 2005; Maniataki and Mourelatos, 2005), and
more recently using only recombinant Dicer, TRBP, and Ago2 in a 1:1:1 stoichiometry
(MacRae et al., 2008). The effect has also been observed empirically during the analysis
of large siRNA or miRNA datasets (Khvorova et al., 2003; Reynolds et al., 2004), and is
currently the cornerstone for predicting siRNA efficacy (Lu and Mathews, 2007; Shao et

al., 2007). However, unlike in Drosophila, no studies using human cells or proteins have
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conclusively shown how the asymmetry is detected. Since Ago2 alone cannot bind and
select the siRNA guide strand (Rivas et al., 2005), it suggests that its associated partners
Dicer and/or TRBP are necessary and capable of initial siRNA loading, even though
other factors such as RNA helicase A (RHA) or PACT may contribute to the effect in
vivo (Kok et al., 2007; Lee et al., 2006; Robb and Rana, 2007).

We were interested in characterizing the binding of siRNAs by recombinant
TRBP in vitro to determine whether and how it would sense asymmetry in siRNAs. Our
results show that TRBP binds siRNAs and not the analogous siDNAs or siDNA/RNA
hybrids. Furthermore, we demonstrate that TRBP alone can sense the asymmetry of an
siRNA duplex, thus establishing a key function of RNAI in humans. Our data also show
that TRBP-siRNA binding may be somewhat terminal sequence dependent, a result
which was supported through analysis of a large-scale silencing dataset. Additionally,
ssRNAs were recognized with a bias that reflected the asymmetry detected in the full

duplex, providing further support for some sequence dependence of TRBP-RNA binding.

3.3 Results

To study the contribution of TRBP to siRNA asymmetry sensing in humans, we
expressed and purified recombinant human TRBP as a fusion product with maltose
binding protein (MBP), as well as MBP alone for control (Figure 3-1). Both plasmids
were generously provided by Professor Anne Gatignol (Daviet et al., 2000; Laraki et al.,
2008). Purified MBP and TRBP products were resolved by denaturing gel
electrophoresis and visualized by protein staining or western blotting (Figure 3-1A-C).
Proper function of the TRBP was then characterized by its ability to bind TAR RNA

using a native gel shift assay (Figure 3-1D). Multiple shifted complexes were visible,
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consistent with previously observed multimerization of TRBP (Cosentino et al., 1995;

Daviet et al., 2000).

3.3.1 TRBP recognition of small nucleic acids

TRBP has previously been shown to bind siRNAs (Katoh and Suzuki, 2007;
Parker et al., 2008; Ui-Tei et al., 2008). We also found that to be the case in a native gel
shift assay (Figure 3-2, lanes 1 and 2). TRBP formed at least four distinct shifted
complexes with the siRNA, corresponding approximately to complexes containing at
least one siRNA molecule in a complex with one, two, four, or ~six TRBP molecules
(Figure 3-3). As expected, larger complexes became more prominent at higher TRBP
concentrations. Furthermore, although TRBP can bind long ssRNAs (Gatignol et al.,
1993), no binding was observed for the ssSRNA corresponding to the antisense strand
(AS) of the duplex siRNA at the TRBP concentration tested (Figure 3-2, lanes 3 and 4).
In addition, no binding was found for an siDNA or the corresponding single-stranded AS
siDNA counterpart (Figure 3-2, lanes 5-8). We next tested DNA-RNA hybrids as these
have been shown to be RNAi-competent (Hohjoh, 2002; Lamberton and Christian, 2003;
Ui-Tei et al,, 2008). Somewhat surprisingly, no binding was detected with the
heteroduplexes, either. Repeating the experiment with MBP alone confirmed that any
observed binding was due to TRBP and not non-specific binding by the MBP portion of
the fusion product (Figure 3-4). These results are consistent with dsRBPs, such as TRBP,

PKR, and PACT, requiring A-form, double-stranded regions for binding.
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Figure 3-1 Characterization of recombinant TAR RNA binding protein (TRBP).
Recombinant TRBP was prepared as a fusion product with maltose binding protein
(MBP) as described (Materials and Methods). (A) Purified MBP or TRBP proteins were
resolved by SDS/PAGE and visualized by staining with Gel Code Blue. (B and C)
Western blots of gels as shown in (A) were performed with antibodies specific for (B)
MBP or (C) TRBP. (D) Gel mobility-shift analysis of TRBP with > P-labelled TAR
RNA was achieved by incubating 1000 nM of protein with a limiting amount of TAR
RNA (10" cpm; <1.0 nM) and resolving protein-RNA complexes by native PAGE. Four
distinct complexes were visible (bands A-D). M = protein size marker (kDa).
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Figure 3-2 TRBP bindin§ preferences for nucleic acids.

Native gel shift assay of 2P-labeled siRNA (lanes 1&2), ssRNA (3&4), siDNA (5&6),
ssDNA (7&8), and DNA/RNA (9&10) or RNA/DNA (11&12) hybrids with (+) or
without (-) 2000 nM TRBP. Shifted TRBP-siRNA complexes are indicated by A
(monomer of TRBP with siRNA), B (dimer of TRBP), C (tetramer of TRBP), and D
(larger order structure of TRBP).
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Figure 3-3 TRBP multimerization on siRNA.

Native gel shift assay of a 32P-]aheled siRNA with increasing concentrations of TRBP (0
to 2000 nM). The gel was first stained with Gel Code Blue for total protein (left; M =
protein size marker (kDa)) and then used for radio-imaging (right). Shifted TRBP-
siRNA complexes are indicated by A (monomer of TRBP with siRNA), B (dimer of
TRBP), C (tetramer of TRBP), and D (larger order structure of TRBP).
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Figure 3-4 No MBP binding of small nucleic acids.

Native gel shift assay as described in Figure 3-2 but with TRBP replaced with MBP. No
shifted complexes are observed for any of the nucleic acids tested, including TAR RNA,
indicating that MBP does not mediate binding for the MBP-TRBP fusion product.
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3.3.2 TRBP asymmetry sensing in siRNAs

It has been hypothesized that TRBP senses siRNA asymmetry and therefore
contributes to guide strand selection in RISC. In order to investigate this putative
function of TRBP, we prepared three siRNAs with distinct thermodynamic features. Two
of the siRNAs are known to load into Drosophila RISC based on their strand
thermodynamics (Schwarz et al., 2003) and are consistent with AAG energetics calculated
with existing methods (Hutvagner, 2005) using current nearest-neighbor parameters and a
terminal A:U penalty of 0.5 kcal/mol (Mathews et al., 1999) (see also Appendices —
Materials and Methods for Ch. 3). These sequences correspond to pp-luciferase (pp-luc)
(asymmetric, 'A"; AAG = (AG for the AS 5'-end — AG for the SS 5'-end) = 0.5 kcal/mol)
and human Cu, Zn-superoxide dismutase (sod1) (symmetric, 'S'; AAG = 0.0 kcal/mol).
The third sequence targets EGFP and was found to be moderately active (~60%
knockdown at 33 nM concentration) from our previous work in human HeLa and HepG2
cells but is predicted to be essentially symmetric (EGFP, 'G'; AAG = -0.1 kcal/mol)
(Figure 3-5A) (Gredell et al., 2008). Position 20 of each strand was chemically modified
with a 4-thiouracil to allow for position-specific photocrosslinking (Sontheimer, 1994),
similar to the methods used for characterizing the Drosophila proteins using 5-iodouracil

modified siRNAs (Tomari et al., 2004). For each of these sequences, a total of six

different siRNAs were created by alternately hot ([y--2P]-ATP) or cold (ATP) end-

labeling the chemically modified or unmodified single-stranded RNAs, followed by
annealing with the corresponding complementary strand (Figure 3-5B, a-f). The relative

crosslinking efficiency of each siRNA was then determined using recombinant TRBP in a
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Figure 3-5 Nucleic acids used.

(A) Three siRNA sequences were used in this study. Two have been documented
previously for their asymmetric (pp-luc; referred to in the text as sequence 'A'") or
symmetric (sodl; sequence 'S') silencing activities and recognition by Dicer-2/R2D2 in
Drosophila (Schwarz et al., 2003; Tomari et al., 2004). The third was previously used for
EGFP silencing and is expected to be slightly asymmetric based on silencing activity
(Gredell et al., 2008) and AAG calculation with mfold (Zuker, 2003) (EGFP; sequence
'G'). AS denotes the antisense strand and SS denotes the sense strand. Boxed numbers
indicate AG values (in kcal/mol) calculated from the four terminal nearest-neighbor base-
pairs, including the A:U penalty and 3'-overhang contribution (single base stacking
energy). (B) A series of 8 different siRNAs were created for each sequence as described
in the text Appendices — Materials and Methods for Ch. 3. The strand location in (A)

matches the strand location in (B). * denotes strands 5'-labeled with 32P-ATP e denotes

4-thiouracil modification at position 20; arrows indicate positions destablhzed by
sequence mismatches on the bottom-strand.
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denaturing gel shift assay (Figure 3-6A and D). TRBP showed stronger crosslinking to

the asymmetric ' siRNA (Ab) relative to the 'd' (Ad) structure (Figure 3-6A and D;

compare Ab to Ad; p = 1x10'5) and similarly for the EGFP siRNA (Figure 3-6A and D;

compare Gb to Gd; p = 2x10-6). However, almost equal crosslinking was detected for the

symmetric siRNA Sb and Sd forms (Figure 3-6A and D; compare Sb to Sd; p=0.19). As
expected, little signal was returnéd when radiolabel and crosslinker were not present on
the same strand, showing that crosslinking is specific for the 4-thiouracil positions
(Figure 3-6A and D; compare 'b', 'd’, and 'f to 'a', 'c’, and 'e'; p < 2x10'4 for all pair-wise
comparisons). As further confirmation, for all three siRNAs, the crosslinking of 'f' was
approximately the sum of 'b' and 'd". Since all siRNAs were bound equally in a native gel
shift assay (Figure 3-6B) and were comparably loaded (Figure 3-6C), we conclude that
recombinant TRBP preferentially crosslinks to the more stably hybridized end of the
siRNA duplex. Similar trends were observed using HepG2 cytoplasmic extracts (Figure
3-7), confirming that this behavior is not purely an in vitro artifact and that TRBP can
detect siRNA asymmetry in the presence of other proteins, both competing and not.

It is critical to note that the crosslinking pattern observed for the EGFP targeting
siRNA was not as expected from the AAG calculation, with the asymmetry predicting a
slight bias in favor of 'Gd' vs. 'Gb'. We observed that both the 'A’' and 'G' siRNAs
contained an A:U at the AS 5-end and a G:C at the SS 5'-end, whereas the 'S' siRNA
contained a G:C at both ends. Thus, bias based solely on the first base/base-pair on each

end of the siRNAs would be sufficient to explain the TRBP crosslinking. A similar
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Figure 3-6 TRBP asymmetry sensing.

The siRNAs in Figure 3-5 were tested by gel shift assay with recombinant TRBP for (A)
crosslinking, (B) native binding, or (C) native loading control, as described in the text
and Appendices — Materials and Methods for Ch. 3. (D) The fraction of siRNA
crosslinked by TRBP was quantified within each lane (fraction crosslinked = crosslinked
signal / (crosslinked signal + uncrosslinked signal) ). Values are average + standard
deviation; n > 5 for 'A" and 'G"; n > 3 for 'S'. M denotes single-stranded siRNA used as
denaturing size marker.
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Figure 3-7 Asymmetry sensing by human cell extract.

Cytoplasmic extracts from human HepG2 cells (~19 pg/lane) were incubated with siRNA
and crosslinked as in Figure 3-6. Quantification was also as described. Values are
average + standard deviation; n > 5.
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conclusion was recently reached from a computational analysis, finding that one nearest-
neighbor parameter at each end of the siRNA gave the best predictive value for silencing

activity (Lu and Mathews, 2007). We pursued this idea further through our own analysis
of a literature dataset (Shabalina et al., 2006), as we had previously used the dataset when
investigating mRNA target structure effects (Gredell et al., 2008). We sorted the
tabulated siRNA activities according to the nucleotide at the 5'-end of the AS relative to
the nucleotide at the 5'-end of the SS. The most active siRNAs tend to have a U at the 5'-
end of the AS and a G at the 5-end of the SS (Figure 3-8 and Figure 3-9). Generally, the
order of nucleotide preference was U > A > G > C, for the 5'- nucleotide on the AS, and
G > C > A > U, for the 5'- nucleotide on the SS. These observations agree completely
with those made earlier by Reynolds et al (Reynolds et al., 2004). This is consistent with
what would be required for a bias in stability but also implies a role for sequence,
independent of stability. For instance, a U:A combination (not base-pair) is statistically
more likely to be a good silencer than an A:U combination (Figure 3-8 and Figure 3-9).
More work will be needed to evaluate inconsistencies with nearest-neighbor calculations

and the impact of overhangs on such calculations.

3.3.3 Altering siRNA asymmetry via mismatches

Since the first and last base-pairs in the siRNA seemed to be critical for
establishing siRNA asymmetry, we next considered the effect the introduction of
sequence mismatches would have on TRBP asymmetry sensing (analogous to (Tomari et
al., 2004) for R2D2). Single nucleotide mismatches were introduced at either position 1
or 19 of the bottom-strand of each siRNA (Figure 3-5; compare 'g' and 'h' to 'b"). The

bottom-strands were cold labeled and then annealed to the hot labeled, chemically-
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Figure 3-8 Comp ional analysis of first nucleotide infl on siRNA Y
siRNAs from the literature (Shabalina et al., 2006) were sorted according to the
nucleotides at both the AS 5'-end and the SS 5'-end (5'-AS:5'-SS) and plotted in order of
decreasing mean silencing activity. The small box indicates the mean; the center line, the
median; the lower and upper box lines, the 25 and 75th percentiles; the outer bars, the
95"h percentile; and the points, outliers.
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Figure 3-9 Statistical analysis for pair-wise comparison between first nucleotide on
either end of the siRNAs.

A t-test was performed on every possible combination of nucleotide pairings (AS 5'-end :
SS 5'-end) from Figure 3-8. The scale is based on the t-value reported by the t-test.
Roughly, for the sample sizes in the dataset, a t-value > 2.0 indicates significance at the p
<0.05 level.
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modified top-strand. The mismatched ends should be destabilized, reducing TRBP
binding and either reducing crosslinking ('g") or increasing crosslinking ('h'). Each
siRNA was tested with recombinant TRBP in the gel shift assays (Figure 3-10). For the
asymmetric sequence, a mismatch at the 5-end of the SS did result in reduced
crosslinking (Figure 3-10A and D; compare Ag to Ab; p = 0.008). However, a mismatch
at the 5'-end did not significantly enhance crosslinking (Figure 3-10D; compare Ah to
Ab; p = 0.49). This may reflect the fact that this asymmetric sequence already has
strongly biased TRBP crosslinking, so increasing the stability bias cannot enhance
binding to the more-stable end. However, for the symmetric and EGFP sequences,
neither mismatch resulted in any statistically significant change in crosslinking (Figure 3-
10D; compare Sg and Sh to Sb, p > 0.31; and Gg and Gh to Gb, p > 0.28), which may be
due to the ~2-fold lower crosslinking compared to the asymmetric sequence despite the
fact that all native binding experiments showed nearly complete binding.

As we saw similar binding but different crosslinking among the three siRNAs, we
wanted to revisit TRBP binding and crosslinking of DNA/RNA hybrids (Figure 3-10).
For all three of the sequences tested, none was appfeciably bound (Figure 3-2, lanes 9-12,
where the sequences of the heteroduplexes tested - for binding only - correspond to the
EGFP sequence; also Figure 3-10B, 'i' and 'j', where 'i' and 'j' correspond to 'b' and 'd’ in
Figure 3-5, with the bottom- or top-strand of the siRNAs replaced with DNA,
respectively) or crosslinked by TRBP (Figure 3-10A and D, 'i' and 'j'). Since it has also
been suggested recently that 5'-O-methyl modifications can alter guide strand selection
and the propensity for off-target silencing (Chen et al., 2008), we created EGFP siRNAs

with the 5'-O-methyl modification on either end and the 4-thiouracil-modified
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Figure 3-10 Mismatched siRNAs alter TRBP asymmetry.

The siRNAs were tested by gel shift assay for (A) crosslinking, (B) native binding, or (C)
native loading control, and (D) the fraction of siRNA crosslinked by TRBP was
quantified within each lane, as in Figure 3-6. Values are average + standard deviation; n
>3. M denotes single-stranded siRNA used as denaturing size marker.
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complementary strand being hot labeled (Gk with the bottom-strand containing the 5'-O-
methyl corresponds to Gg because the 5-O-methyl groups are only available on T
nucleotides and consequently introduced a C:T mismatch at that end; Gl corresponds to
Gd with the top-strand modified). We expected binding and therefore crosslinking in
both cases to decrease due to the proximity of the 5'-O-methyl group and the 4-thiouracil
modification. However, the methylation had no apparent effect on TRBP binding, and
instead increased the overall amount of crosslinking (Figure 3-10A and D; compare Gk to
Gg, p = 0.026, and Gl to Gd, p = 0.012). Thus, precluding the interaction with TRBP is
likely not the means by which these modifications prevent incorporation of these strands

into RISC.

3.3.4 TRBP recognition of single-stranded small RNAs

Given that TRBP can sense siRNA asymmetry, and despite its apparent inability
to bind short ssRNA (Figure 3-2), we also wanted to consider whether any other short
ssRNA sequences could be bound or crosslinked by TRBP. We repeated the gel shift
assay with the individually hot labeled, chemically modified ssRNAs from each of the
three siRNA sequences, at increased TRBP concentration (~3-fold higher; 1200 nM)
(Figure 3-11). Intriguingly, the strand favorably crosslinked when part of the asymmetric
siRNAs (Figure 3-6A and D, 'b’ for 'A' and 'G') was also preferentially crosslinked here as
a single-strand (Figure 3-11A and D; compare AS to SS for 'A’' and 'G'), whereas the
single-strands corresponding to the symmetric siRNA were crosslinked more evenly
(Figure 3-11A and D; compare AS to SS for 'S'). Curiously, the native binding pattern
did not appear to reflect that of the crosslinking gel (Figure 3-11B), which might be

expected for a relatively low affinity interaction that could be altered by the conditions
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Figure 3-11 TRBP recognition of short single-stranded RNAs.

The ssRNAs from each siRNA duplex were tested by gel shift assay for (A) crosslinking,
(B) native binding, or (C) native loading control, and (D) the fraction of siRNA
crosslinked by TRBP was quantified within each lane, as in Figure 3-6. Values are
average * standard deviation; n >4. The values listed below the graph are the ratios
between the AS crosslinking and the SS crosslinking.
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for electrophoresis. While this supports our contention that terminal sequence matters in
TRBP-RNA interactions, further exploration will certainly be required to explain this

result and to ascertain the influence of 5'-end versus 3'-end effects.

3.4 Discussion

RNA interference relies on guide strand complementarity to identify the target for
inhibition. Although the manner by which the guide strand is selected in humans has
been elusive, it is known to be accomplished collectively by the proteins of the RLC:
Dicer, TRBP, and Ago2. Our results show for the first time that human TRBP alone
senses the asymmetry of an siRNA duplex in vitro, a critical step in the guide strand
selection process.

An important step in RLC formation is the initial binding of the double-stranded siRNA

duplex. Dicer and Ago2 appear to be less capable of binding siRNA alone (Kini and

Walton, 2007; Rivas et al., 2005), while TRBP shows a relatively higher affinity (Kp ~1-

100nM; data not shown and (Parker et al., 2008)). When in solution, TRBP
homodimerizes (Kok et al., 2007; MacRae et al., 2008), which may contribute to TRBP
forming multimeric complexes on dsRNA even as short as 21 base-pairs (e.g., sSiRNA;
Figure 3-2 and Figure 3-3) in an uncooperative manner (Parker et al., 2008). This
perhaps indicates a role different from dsRBPs that show improved binding with dSRNA
length, such as C. elegans RDE-4 (Parker et al., 2008). Consistent with what has been
observed for other dsRBPs and with dsRBD function in general (Bevilacqua and Cech,
1996; Saunders and Barber, 2003), TRBP was unable to bind double-stranded siDNA or

RNA/DNA hybrids (Figure 3-2 and 3-10). Recent evidence shows that some DNA
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substitutions are fairly well tolerated in siRNAs for gene silencing, particularly when
present at the 5'-end of the guide strand (Ui-Tei et al., 2008). Substitutions at the 3'-end,
however, could disrupt silencing, presumably by affecting the TRBP binding site. These
results are in agreement with our observations (Figure 3-2 and 3-10), and it would be
interesting to see how shorter DNA segments spread throughout the siRNA would impact
binding and crosslinking by TRBP.

Though all siRNAs appear to be bound by TRBP with similar high affinity, and
apparently independent of sequence (Figure 3-6B and 2-10B and data not shown), in our
hands, TRBP showed a clear bias in crosslinking, seemingly driven by both sequence and
strand thermodynamics (Figure 3-6). TRBP recognized two siRNAs asymmetrically ('A’
and 'G") and one symmetrically ('S') in our crosslinking gel shift assay (Figure 3-6A and
D). For two of the siRNAs tested, our results are consistent with those previously shown
in Drosophila RISC loading (Schwarz et al., 2003) and in crosslinking by Dicer-2/R2D2
(Tomari et al., 2004), as well as when using standard techniques to calculate relative
thermodynamic asymmetry (Hutvagner, 2005) (see also Appendices — Materials and
Methods for Ch. 3) (Figure 3-5A). Interestingly, the third sequence ('G’) is predicted to
be only minimally asymmetric (AAG = -0.1 kcal/mol), but favoring the opposite end from
what was experimentally determined (Figure 3-5 and 3-6, Gb vs. Gd). However, one
might anticipate the experimentally observed asymmetry based on the sequence of the 'G'
duplex (Figure 3-5). The end favorably crosslinked in Gb contains a G:C terminal base-
pair (at position 19 of the AS), whereas the opposite end (pos. 1) is an A:U pair. This is
also true of the 'A' siRNA, bﬁt not for the 'S' siRNA (there is a G:C pairing at both ends).

Thus, it would appear that the single base-pair at either end is sufficient for predicting
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asymmetry (Figure 3-8 and Figure 3-9). A recent computational analysis reached a
similar conclusion that the best predictive results were found when asymmetry only
included the first base-pair of each end (Lu and Mathews, 2007). Furthermore, when
Schwarz et al., replaced either of the end G:C base-pairs in the S sequence with an A:U
pair, the siRNA became asymmetric (Schwarz et al., 2003). It may also be that the
relative thermodynamics are insufficient to predict asymmetry and instead the absolute
energetics may also be important, as has been previously suggested (Schwarz et al.,
2003).

In Drosophila, it was shown that the RLC (Dicer-2/R2D2) initiates unwinding of
the siRNA, containing a small amount of ssRNA relative to siRNA (Tomari et al., 2004).
We wondered if TRBP might perform a similar function in humans as it has been shown
to destabilize the TAR RNA secondary structure by base unstacking in the region of the
upper-stem/loop (Erard et al., 1998). Although exceedingly high, non-physiological
TRBP concentrations were required, we detected some low-level ssSRNA binding activity
(Figure 3-11A). This low affinity interaction with ssSRNA echoes what our group and
others have previously shown for Dicer (Kini and Walton, 2007; Lima et al., 2009).
More surprisingly, perhaps, TRBP preferentially crosslinked to the ssRNA in a fashion
that reflected the biased loading of the strands into active RISC (Figure 3-11B; compare
AS to corresponding SS for each sequence) and the overall level of duplex crosslinking
(A' > 'G' > 'S'). We examined if ssSRNA secondary structure was responsible for
differences in binding/crosslinking, but no patterns were discernible for structures
predicted by mfold (Zuker, 2003) (data not shown). Likewise, we cannot rule out that

these effects were merely due to non-specific crosslinking of ssSRNA and unbound
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protein. However, the fact that the ssSRNA crosslinking was consistent with that detected
for the duplex seems more than coincidental and will require further testing before a
definitive conclusion can be reached.

Accurately predicting which siRNA strand will be loaded into active RISC,
whether based on the individual end base-pairs, the relative energy differential, or some
other metric, is essential for optimizing siRNA activity. Current algorithms tend to
weigh asymmetry heavily (Lu and Mathews, 2007; Shao et al., 2007). There are several
reports that use mismatches to ensure the desired asymmetry. Interestingly, when we
introduced a single nucleotide mismatch in the asymmetric pp-luc siRNA at the end
preferentially crosslinked by TRBP, we observed a significant decrease in crosslinking
(Figure 3-10, Ag vs. Ab), although the overall asymmetry still favored that end. The
corresponding mismatch at the opposite end did not significantly increase crosslinking
(Figure 3-10, Ah vs. Ab), perhaps indicating that there is a maximum bias beyond which
TRBP crosslinking is not enhanced. Unexpectedly, for the 'S' and 'G' siRNAs, the
corresponding mismatches had no effect on TRBP crosslinking (Figure 3-10). It is
unclear why this was the case since the mismatches in S were previously shown to alter
its loading in Drosophila (Schwarz et al., 2003; Tomari et al., 2004), but it may again
reflect the importance of sequence and relative versus absolute strand thermodynamics.
It could also be that more than one mismatch is needed to alter the asymmetry, as was
recently shown (Geng and Ding, 2008). Other work by our group using human cell
extracts found that a single nucleotide mismatch at the guide strand 5'-end of an siRNA
can cause reduced TRBP binding, with a concomitant reduction in silencing efficacy (H.

K. Kini and S. P. Walton, unpublished results). Or, it may be a difference in the function
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of the human and Drosophila systems. TRBP alone may not entirely recapitulate in
humans the function of Dicer-2/R2D2 in Drosophila, requiring also Dicer and/or other
components. This is also supported by other work from our group indicating that Dicer
binding to an siRNA is improved by incorporation of a terminal mismatch (H. K. Kini
and S. P. Walton, unpublished results).

Several chemical modifications have previously been tested with varying degrees
of influence on activity (Chiu and Rana, 2003; Sipa et al., 2007), but it is unknown to
what extent the changes in activity are results of changes in TRBP binding and
asymmetry sensing. We tested one such modification, 5'-O-methylation, shown to
control guide strand selection and eliminate off-target silencing by the modified strand in
humans (Chen et al., 2008). Presumably, the 5'-O-methyl group prevents
phosphorylation by hClp (Weitzer and Martinez, 2007) and subsequently its
incorporation into RISC. In our assay, the 5'-O-methylated siRNAs were more
effectively crosslinked than the unmodified versions (Figure 3-10A and D), with no
change in overall TRBP binding (Figure 3-10B). This suggests that 5'-phosphorylation is
not essential for TRBP asymmetry sensing and that the cellular effects on activity or off-
target silencing are a result of additional factors associated with RISC, such as Dicer for
which it was shown the 5'-O-methyl modification can disrupt binding (Pellino et al.,
2005). It would be interesting to see how other modifications that block/enhance RISC
activity, such as A to I RNA editing of pri-miRNA (Kawabhara et al., 2007), would affect
TRBP binding and crosslinking as it has been shown for at least one dsRBP (PKR) that
modifications that abrogate activity do not necessarily have an effect on dsSRNA binding

(Nallagatla and Bevilacqua, 2008).
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The interaction(s) and positioning between Dicer/TRBP/Ago2 are critical for
proper loading of the siRNA guide strand onto Ago2 and for functional RNAI activity.
We cannot rule out the contributions of these or other associated proteins, but our results
here show that TRBP alone can bind siRNAs and sense thermodynamic asymmetry.
Although Dicer and Ago2 have not been shown to perform that function in RISC, Dicer
may assist in asymmetry sensing, as it appears to do in Drosophila (Tomari et al., 2004).
Quite possibly, Dicer also assists in siRNA unwinding, perhaps through its helicase
domain which was recently shown to be important for processing thermodynamically
unstable shRNAs (Soifer et al., 2008). Furthermore, the interaction between the RNase
III domain of Dicer and the PIWI domain of Argonautes (Tahbaz et al., 2004) could
facilitate loading of the 5'-end of the guide strand onto Ago2 (Rivas et al., 2005). In
Drosophila, Ago2 is necessary for completely unwinding the siRNA (Okamura et al.,
2004), which may suggest that in humans Dicer/TRBP can facilitate that step of the
processing. Interestingly, a reduction in either TRBP, Dicer, PACT, or RHA seems to
reduce si/miRNA processing and RISC activity, an effect that may or may not be due to
destabilization of other RISC proteins (Chendrimada et al., 2005; Haase et al., 2005; Kok
et al., 2007; Lee et al., 2006; Maniataki and Mourelatos, 2005; Robb and Rana, 2007).
More experiments will be needed to detail the collective contributions of these proteins to

RNAI and to see if TRBP is the only RISC protein that senses asymmetry.
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CHAPTER 4 POLYMERIC NANOPARTICLES FOR SIRNA
DELIVERY

4.1 Abstract

The selection of siRNA sequences is clearly an important factor contributing to
the effectiveness of RNAi applications. But no matter how active a particular siRNA is
during initial trials in cell culture, a major determinant of their eventual widespread
therapeutic use in vivo is delivery. A variety of methods are being developed to
accomplish both systemic and localized delivery and typically utilize either lipid- or
polymer-based preparations. Despite the success of some of these methods to deliver in
vivo, there remains a general lack of information regarding the lipid/polymer
contributions to nucleic acid binding, nuclease protection, cellular uptake, toxicity, and
release of the siRNA, primarily due to vast differences in the systems being developed.
Furthermore, the existence of diverse experimental data published thus far can at least in
part be attributed to the difficulty of modifying many of the lipids/polymers.

The work described here was aimed at developing a novel biocompatible and
biodegradable cationic polymer nanoparticle (NP) capable of delivering siRNA into cells
grown in vitro, with potential use later for in vivo applications. The polymer developed
by our collaborators was readily modified by standard “click” chemistry methods, which
allowed for a systematic study of variables contributing to siRNA binding. Strong
siRNA binding was found to require an NP containing a combination of primary and
secondary amine groups to facilitate electrostatic interactions. Inclusion of alkyl chains
enhanced binding, perhaps by causing vesicle-like formation. Consistent with its known

charge shielding effects, polyethylene glycol (PEG) could be included to reduce overall
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binding affinity, and is expected to be important for nuclease protection. Ultimately, the
NPs were capable of binding and then delivering siRNAs to cells, but were unable to
initiate RNAi. Accordingly, subsequent studies will be needed to investigate how
alterations to the polymer affect cellular uptake and siRNA release without greatly
affecting NP/siRNA complex formation so as to maximize the silencing potential of this

siRNA delivery platform.

Author contributions:

The work described in this chapter was performed in collaboration with Professor
Gregory Baker from the Michigan State University Department of Chemistry, his
graduate student Erin Vogel, and Professors Christina Chan and S. Patrick Walton from
the Michigan State University Department of Chemical Engineering and Materials
Science.

We all contributed to the project conception, experimental design, and data
analysis. Erin was responsible for synthesis of the polymers tested and for
characterization of NP/nucleic acid complexes by transmission electron microscopy and
dynamic light scattering. I performed the gel shift assays and curve fit analyses to
determine NP binding parameters, with the assistance of several undergraduate students
(Sophie Carrell, Dan Desantis, and Jorge Fontes), as well as all cell treatment
experiments. The chapter itself was written entirely by me with minor editing by

Professor Walton.

92



4.2 Introduction

The therapeutic potential of siRNAs greatly relies on being able to overcome the
natural barrier of human cells to foreign material, in particular highly charged species like
nucleic acids. Nucleic acids do not freely diffuse through the cellular membrane, are
rapidly degraded by nucleases, bound by other factors found in the blood, and cleared by
the kidneys (Zhang et al., 2007). The intentional delivery of dsRNA into human cells
also presents a unique challenge because of the potential for stimulating an immune
response; viral methods for gene therapy can overcome some of these limitations, yet
they still suffer from a number of safety issues. Instead, much effort is being spent
developing non-viral delivery methods for siRNAs so that their therapeutic potential can
be realized.

As an alternative, both lipid and polymer based reagents are being pursued as
delivery vehicles that can be applied systemically, with the potential for localized
targeting, and that may even allow transport through the blood brain barrier for treatment
of neurological disorders (Pardridge, 2007). However, lipid-based delivery reagents
(reviewed in (Tseng et al., 2009)) present their own drawbacks, such as potentially high
in vivo toxicity (Zhang et al., 2007) and a relatively limited chemical and structural
diversity. Therefore, considerably more effort has been invested in creating polymeric
vehicles for nucleic acid delivery, in general, and for delivery of siRNAs, specifically
(reviewed in (de Martimprey et al., 2009)).

Wide varieties of polymeric vehicles have been synthesized by various chemical

means, but, as with viral methods and lipid carriers, are ultimately restricted based on
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their biostability and biocompatibility. For many of the polymers traditionally used for
nucleic acid delivery, such as PEI and PLL, biostability and biocompatibility can be
improved by attaching groups like PEG (for charge shielding and to facilitate membrane
interactions) or other biomolecules (e.g., cholesterol) through standard chemical means
(Kircheis et al., 2001; Swami et al., 2007; Urban-Klein et al., 2005; Wolff and Rozema,
2008). However, the steps involved in modifying these polymers can require diverse
reaction conditions and solvents.

A new method for post-polymerization modification was proposed in 1999 by Dr.
Barry Sharpless' group that was aimed at mimicking biology by using a series of highly
specific, high yield reactions that can be performed under relatively benign conditions
and require little in the way of product isolation (Kolb et al., 2001; Sharpless and Kolb,
1999). Today, these reactions, known as “click” chemistry, have become a powerful tool
for pharmaceutical applications due to the ease with which they are performed. Perhaps
the most prominent reaction meeting the "click" criteria is the Huisgen 1,3-dipolar
cycloaddition of azides and terminal alkynes (reviewea in (Hein et al., 2008)). This
reaction has been implemented by our collaborators (Jiang et al., 2008) in the
development of a novel polymer system that resembles poly(lactic-co-glycolic acid)
(PLGA), another polymer frequently used for nucleic acid delivery (de Martimprey et al.,
2009). Both PLGA, and this polymer, poly(propargylglycolide) (PPGL), . are
biocompatible and biodegradable (into lactic acid derivatives), thereby lending
themselves to a biological setting. However, unlike PLGA, PPGL can be readily

modified by "click" cycloaddition reactions (through the formation of 1,2,3-triazoles) to

94



create new materials (Figure 4-1A) with potentially enhanced properties (Jiang et al.,
2008).

These characteristics make PPGL an ideal candidate for the encapsulation of
small molecules, including siRNA, for their delivery as therapeutics in vivo.
Furthermore, because the azide group is relatively easily added to many of the moieties
already being included in other complex polymer systems (Figure 4-1B), a family of
related vehicles can be created that incorporates nearly limitless modifications. The final
structure when the azide groups are added to the propargyl backbone is roughly brush-
like, with the azide groups forming the bristles of the brush (Figure 4-1C). Accordingly,
with this polymer backbone it is possible to systematically investigate the effect various

moieties have on siRNA vehicle design.

4.3 Results and Discussion

Our approach was to begin developing the PPGL polymer system developed in
Prof. Baker's laboratory (Jiang et al., 2008) to deliver siRNA to cells grown in culture by
first systematically studying the impact of functional group additions to the polymer
backbone, in particular the influence the various groups had on NP binding of siRNA.
Description of the polymer syntheses and other experimental details can be found in
Appendices — Materials and Methods for Ch.4. Future studies to be performed by others
will aim to characterize and engineer other important parameters, such as nuclease
protection, cellular uptake, cytoplasmic release of the siRNA (endosomal escape), and
activity in RNAI.

We first determined whether a preliminary version of the polymer (unmodified

PPGL) could enter the cells and if so, what was its cellular distribution. A rhodamine
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Figure 4-1 Nanoparticle synthesis details.

(A) Nanoparticles were created by adding functional groups (B) to the poly(propargyl
glycolide) (PPGL) backbone. Amine-containing moieties or polyethylene glycol (PEG)
provide positive charge and charge shielding, respectively. Additional types of groups
can be added, as listed in Table 4-1 and shown in Figure 4-4. (C) A sample nanoparticle
is depicted. Attached to the polymer backbone is a PEG tail (left end), and amine-
containing moieties and alkyl chains dispersed randomly along the backbone. The
backbone and sidechains are flexible and relatively free to organize into NPs in solution.
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fluorescent group was attached to the polymer and the solution was administered to
human HeLa cells for 24 hrs. Fluorescence microscopy confirmed that the cells appeared
healthy and were indeed internalizing the polymer into the cytoplasm (Figure 4-2A).
Most polymers typically pursued for siRNA delivery form complexes with the
siRNA through electrostatic interactions with the anionic nucleic acid backbone.
Frequently, the siRNA and vehicle are simply mixed in an aqueous buffer and allowed to
self-assemble to form condensed complexes. We therefore considered whether the NP in
question could form a stable complex with nucleic acid as that is the first step in delivery.
Rather than use siRNA to establish binding characteristics, we instead assessed binding
with a dsDNA molecule comparable in length to an siRNA and containing 2 nt 3'-
overhangs (siDNA). The charges for the two types of nucleic acid are the same, albeit
with slightly different organization along the backbone because of the difference in helix
geometry, but the siDNA is approximately 1/10th or less the cost of the siRNA. The
polymer and siDNA were mixed in water at room temperature for 15 min and then
subjected to agarose gel electrophoresis to separate bound and unbound nucleic acid (gel
shift assay). No complex formation was observed for this NP (data not shown).
However, shifted complexes were visualized with this method using several of the
polymers discussed above, including LPEI, BPEI, and the lipid solution Lipofectamine
2000 (LF2k; Invitrogen), indicating that this assay could be used to screen alternate
polymer chemistries (data not shown). The gel shift assay has also been applied by
others for testing polymer/plasmid DNA or polymer/siRNA binding characteristics with

similar success (Bartlett and Davis, 2007b; Jeong and Park, 2002; Mann et al., 2008).
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Figure 4.2 Visualization of nanoparticle delivery into cell culture by fluorescence
microscopy.

(A) Images show uptake of rhodamine tagged NP (1.6 pug/ml) into HeLa cells. Top row:
10x mag. Bottom row: 40x mag. Left column: fluorescence. Right column: phase
contrast. (B) Delivery of Dy547-tagged siRNA (30 nM; red fluorescence; upper left) by
untagged NP (1 mg/ml) into H1299 cells stably expressing the Enhanced Green
Fluorescent Protein (EGFP; green fluorescence; upper right). The cells tolerated the
NP/siRNA and remained healthy (phase contrast; bottom center). High EGFP levels
indicate no silencing due to siRNA delivery. All images 10x mag.
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We hypothesized that the failure of the preliminary NP to bind siDNA was due to
little or no electrostatic interaction between the NP and siDNA. Subsequently, several
new NPs were synthesized to investigate the effects on binding of 1) the different types
and amounts of amine groups that could be added to the backbone; 2) the location and
length of polyethylene glycol (PEG; for its charge shielding and membrane interaction
effects); and 3) the addition of alkyl chains dispersed among the amine groups (for
facilitating potential vesicle-like formation). Each NP was then tested by gel shift assay
(Figure 4-3A). The fraction of siDNA bound, calculated from the fluorescence signal for
the unbound siDNA, was plotted versus NP concentration (Figure 4-3B) and the resulting
binding data were regressed according to the Hill equation for describing nonlinear dose-

response behavior (Goutelle et al., 2008)

[NP]"
K" +[NP]"

to determine the binding constant (K, in pg/ml) and cooperativity of the binding

FractionBound =

interaction (n) for each chemistry (Table 4-1 and Figure 4-4). It is important to note that
the parameters K and n of the Hill Equation have physical meaning in only limited
situations (Goutelle et al., 2008; Weiss, 1997), which may or may not be applicable here.
The equation is used only as a means to compare binding between different polymer
chemistries without having prior knowledge of the mechanism of interaction between NP

and siDNA.
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Figure 4-3 Nanoparticle complex formation with siDNA (analog of siRNA).

(A) siDNA was incubated with decreasing concentrations of NP (or control polymer,
linear polyethylenimine; LPEI) for 15 min and separated by gel electrophoresis. (B)
Sample fit of fraction bound versus NP concentration fitted with the Hill equation. K is
the binding constant (pg/ml) and » is the cooperativity. The nomenclature corresponds to
the structures described in Table 4-1 and depicted in Figures 4-1 and 4-4.
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Figure 4-4 Nanoparticle functional groups added to the propargyl glycolide
backbone.

The NPs listed in Table 4-1 (and data not shown) were synthesized by incorporating these
groups at the 'R’ position (Figure 4-1A) or by reacting with the alkyne positions (to yield
the 'R2' groups). PEG = polyethyleneglycol. PEI = polyethylenimine. D = dabcyl. R =
rhodamine.
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It was clear from the nearly 100 different polymers tested by gel shift assay that
the type and amount of amine-containing groups attached to the polymer backbone
significantly affected siDNA binding characteristics (Table 4-1). NPs containing no
amine groups (no A) or only primary (Al), secondary (A2), tertiary (A3), or a
combination of primary and secondary amine-containing groups on separate chains
(A1A2), showed no detectable binding of siDNA up to NP concentrations of 10 mg/ml
(Table 4-1). Interestingly, when primary and secondary groups were included on the
same chain (A12), significant siDNA binding was observed (e.g., Table 4-1; compare
VIIIL.14, K = 236 pg/ml, to VIII.43-VIIL.46, K > 10,000 ug/ml). Moreover, binding was
further enhanced by incorporation of an additional secondary amine group on the chain
(A122) (Table 4-1; VIIL.104, K = 13.0 pg/ml). We then reasoned that if we increased the
polymer backbone length while maintaining the same percentage of amine along the
backbone, we would detect improved binding because of the greater local positive charge
density. Instead, we found that as backbone length increased, binding of siDNA
decreased (Figure 4-5), perhaps indicating that the longer backbone polymers could not
form the same structures when condensing the siDNA. As a standard for comparison for
the binding affinities we were measuring, we performed the gel shift assay using the
traditional polymers LPEI, BPEI, and poly-L-lysine (PLL) (Table 4-1). Our NPs with the
highest measured binding affinities bound the siDNA nearly as tightly as these control
polymers.

Polyethylene glycol (PEG) is commonly added to many of the polymers used for
nucleic acid delivery because of its supposed benefits for charge shielding (Wolff and

Rozema, 2008). We therefore included PEG on the majority of our NPs. Initially, either
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Figure 4-5 Nanoparticle binding affinity relative to polymer backbone length.

NPs were synthesized with increasing backbone length and then tested for siDNA
binding via gel shift assay. Binding affinity (K) was then plotted versus the backbone
length. Better binding (smaller K values) correlated with shorter polymers.
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8 or 115 repeat units of PEG were added directly to one end of the polymer backbone
while keeping the compositions along the backbone constant. For a range of backbone
compositions, PEG caused a reduction in binding affinity (Figure 4-6). This trend was
also present when PEG groups were placed along the polymer backbone (Table 4.1;
compare VIIL.65, K =173 pg/ml, to VII1.28, K = 31.5 pg/ml; and data not shown).
‘Having established that primary and secondary amines are required for siDNA binding,
and that PEG decreased the overall binding affinity of the NPs, we next looked at how
the remainder of the reactive alkyne sites could be filled to possibly improve binding or
alter function. A series of NPs were synthesized that contained sites ﬂiled with a 0-, 4-,
10-, or 16-carbon (alkyl) chain such that all sites along the backbone were filled (i.e., the
amine plus alkyl percent filled equals 100%; y + z = 100). Intriguingly, as the alkyl chain
length increased, so too did the binding affinity (Figure 4-7). We hypothesize this result
was due to the longer hydrophobic chains inducing vesicle-like formation around the
siDNA, therefore making the NP better able to condense multiple siDNA molecules per
complex. This was supported by NP size data measured with dynamic light scattering

(DLS) where complex diameter was a linear function of alkyl length for the family of

NPs with eight repeat units of PEG (PEGgPG45(A1280C20) where C was the type and

length of the alkyl chain; Figure 4-8). Size measurements for the other NPs did not yield
clear patterns (data not shown), perhaps because of the disruption of stable structures due
to the longer PEG chains on those NPs. To get a second, independent confirmation of NP
size and shape, we imaged the NPs alone or complexed with siDNA by transmission
electron microscopy (TEM) and estimated the sizes from the images. As observed with

DLS, the particles consistently ranged in size from ~15-150 nm, depending on the

108



particle chemistry (Figure 4-9). However, in all cases the NPs and complexes appeared
to be spherical, as would be expected for vesicles.

Since our NPs were sufficiently interacting with siDNA and the complexes were
on the nanometer scale making cell uptake feasible, we attempted to deliver siRNAs
targeting the Enhanced Green Fluorescent Protein (EGFP) with our NPs into human lung
cancer cells (H1299-EGFP) stably expressing the EGFP reporter plasmid. The siRNA
was fluorescently tagged (red) so we could monitor delivery and localization. Although
the siRNA was observed by fluorescence microscopy to enter the cells (Figure 4-2A), and
the cells appeared healthy (Figure 4-2B), no silencing of the target EGFP was detected at
any of the siRNA or NP concentrations tested (Figure 4-2C). At highér NP
concentrations, the NP/siRNA complexes became toxic (Figure 4-10), with only a few
chemistries leading to higher levels of toxicity than others (data not shown).

Our novel poly(propargyl glycolide) (PPGL) polymer backbone requires primary
and secondary amine containing groups added to the backbone to facilitate siRNA
binding. Indeed, when sufficient positive charge is present, the NPs can bind siRNA (or
the analogous siDNA) at a level approaching what is observed with polymers currently in
use in the literature. The complexes that form are on the nanometer scale where the size
appears to depend on the alkyl chain length. More importantly, NP/siRNA complexes
are readily taken up by the human cells tested here, but unfortunately, we have not yet
observed gene silencing. One possibility is that our NPs are binding siRNA too strongly
and the complexes are in such a conformation that release of the siRNA, either by charge
neutralization or degradation of the polymer, does not occur on the time scale of the

experiments. Further work will be necessary to determine why silencing is not observed
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so that the polymers can be modified to overcome this problem. Overall, the results
shown here will be useful in designing polymeric drug delivery systems for any nucleic

acid cargo.
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Figure 4-6 Nanoparticle binding affinity relative to PEG length.

NPs (PEG,PG45(A12,Cy)) containing the indicated alkyl groups (X, C10, or C16; y =
10, 20, or 30%) and amine group (A12; z = 100%-y) were synthesized with PEG tails
either 8 or 115 repeat units in length (a = 8 or 115). Binding of siDNA was tested via gel
shift assay and the affinity constant (K) was plotted versus the backbone length.
Nomenclature is as described in Table 4-1.
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Figure 4-7 Nanoparticle binding affinity relative to alkyl chain length.

NPs (PEG,PG45(A12,Cy) were synthesized with amine group (A12, z = 80%) and alkyl
chains of varying length (C =0, 4, 10, or 16, y = 20%) attached to the polymer backbone.
PEG tail length was varied (a = 8 or 115) as in Figure 4-6. Binding affinity (K) for
siDNA was determined by gel shift assay and plotted versus the alkyl chain length (C).
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Figure 4-8 Nanoparticle size determined by Dynamic Light Scattering (DLS).
The average hydrodynamic diameter (Hq) of the NP/siDNA complexes

(PEG,PGy45(A1280C20) formed as in the gel shift assay were measured by DLS for NPs
of varying alkyl lengths (C =0, 4, 10, or 16).
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Figure 4-9 Nanoparticle size and shape determined by Transmission Electron

Microscopy (TEM).
The NP/siDNA complexes were formed as in the gel shift assay and then imaged by
TEM. Sizes of ~20-25 nm were estimated from the images for both (A) VIIL54

(PEGgPGy45(A1280X20) and (B) VIIL71 (PEGj;5PGas5(A1280X50). Images are at
200,000x magnification. Scale bars are 100 nm.

114



—8— PG [A12,C1EO3C12,]
—— PEG,PG,,[A12,,C8p8,]
0.4 [A—PEG,PG,[A12,C16,]
—v— PEG,PG,[A12,C10,]
029| o peG PG, JA12,C4,]
0.04 -0~ PEGPG JA12, X, ]
10’ 10 10°
NP Concentration (ug/ml)

EGFP RFU
o
?

Figure 4-10 Nanoparticle toxicity.

The NPs were administered to human H1299 cells stably expressing EGFP for 24 hrs and
then cell density was measured by quantification of EGFP levels. The NPs correspond to
VIIL86 (m), VIIL68 (), VIIL59 (A), VIIL28 (V¥), VIIL84 (o), and VIIL54 (0) as
described in Table 4-1. RFU: Relative fluorescence units.
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CHAPTER 5 CONCLUSIONS AND FUTURE WORK

5.1 Conclusions

The work presented here was motivated by the potential for siRNAs to be
developed as therapeutics. Although much is already known about the role of siRNAs in
RNAI, a better understanding of how siRNAs induce the pathway is needed before they
can be of clinical use. To that end, it was shown that the secondary structure of the
mRNA site targeted by siRNA has a significant effect on silencing activity. Sites that
tended to lack structure were favorable targets, especially when the lack of structure was
at either end of the target site. Additionally, siRNA guide strands predicted to have less
structure were similarly preferred. Importantly, mRNA target site and siRNA guide
strand secondary structures could be readily predicted by a free energy minimization
algorithm. Therefore, this structure information can be incorporated into current siRNA
selection algorithms with little effort and should help to improve the rate at which active
siRNAs are identified.

The manner in which the guide strand of the siRNA is selected for loading onto
Ago2 is also a critical step that can affect siRNA activity. However, in humans it has
been unknown how that is accomplished. It was demonstrated here for the first time that
human TAR RNA binding protein (TRBP), a component of RISC, can sense siRNA
asymmetry, based most likely on both sequence and the overall and relative
thermodynamic stability of the duplex. Surprisingly, TRBP interacted with ssRNAs in a
fashion consistent with duplex recognition, providing further support for the role of

TRBP in guide strand selection as the asymmetry sensor. Furthermore, it was shown that
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TRBP interactions with siRNAs could be altered through the introduction of sequence
mismatches, DNA substitutions, or 5'-O-methyl groups. Accordingly, manipulation of
the siRNA by either sequence or chemical means offers a viable route for engineering
improved siRNA function.

The creation of highly active siRNAs is paramount for eventual therapeutic
applications and the results presented here regarding mRNA target structure effects and
asymmetry sensing by TRBP offer two means for improving that process. However, an
equally critical step is to achieve efficient delivery of the siRNA molecules to the cells of
interest. A novel polymer system generated by Gregory Baker's laboratory via “click”
chemistry was presented here and was used to study a range of variables contributing to
siRNA binding, a key first step necessary for eventually achieving cellular uptake and in
vivo silencing; such a systematic study has not been previously reported. It was found
that high affinity binding of the nanoparticles with siRNA required a combination of
primary and secondary amine groups on the same side chains off the polymer backbone,
and that binding could be enhanced by simultaneously including alkyl side chains. Other
changes in the polymer also altered the affinity, such as adding increasingly long PEG
chains, either as a side chain or end-tail. Ultimately, uptake of siRNA into cells grown in
culture could be achieved by the nanoparticles with minimal toxicity. Unfortunately, no
target silencing was detected, indicating that further efforts will be required to optimize

this new platform for function of the siRNA.

5.2 Future Work

The work presented here by no means solves all the problems related to the

therapeutic application of siRNAs. Rather, many questions remain to be answered.

117



Below, I outline several topics that I feel are a direct extension of results included in this

dissertation that if investigated, should help to answer some of those questions.

5.2.1 siRNA selection algorithm

Currently, the best siRNA selection algorithms incorporate numerous parameters
that are both empirical and mechanistically relevant (insofar as the RNAi mechanism is
presently understood). They tend to rely most heavily on rules that support incorporation
of the appropriate guide strand, based on siRNA asymmetry, and account for mRNA
target structure effects (Lu and Mathews, 2007; Shao et al., 2007). The results from Ch.
2 and 3 of this dissertation shed some light on both of these aspects of the RNAi pathway
and therefore an attempt should be made to include them into an siRNA selection
algorithm.

Our work here with TRBP suggests that siRNA asymmetry sensing is a real
phenomenon that can be detected by RISC. However, it is unclear how siRNA
asymmetry is sensed by TRBP and, more importantly, how best to predict the effect. Our
results, and those of (Lu and Mathews, 2007), indicate that a single base-pair or nearest-
neighbor energy parameter might be representative of asymmetry. Accordingly, more
‘studies are warranted to determine which sequence or energy contributions most
accurately correlate with activity so that they can be incorporated into the selection
algorithm. Furthermore, as additional information is generated using chemical- and
sequence-modified siRNAs with recombinant proteins (discussed below), it too can be
included in the algorithm.

Downstream of siRNA asymmetry, RNA secondary structure effects become

significant, as we and others have found (Ameres et al., 2007; Gredell et al., 2008; Lu
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and Mathews, 2007; Shao et al., 2007). Although we did not do so, it would be
interesting to see how our structure analyses would possibly differ if siRNA asymmetry
were first taken into account. That is, we should repeat our guide strand and mRNA
target site structure analyses after first classifying an siRNA as either asymmetric or
symmetric (by whatever metric is found to be most significant).

It may also be desirable to repeat our RNA structure calculations using a partition
function approach to determine the most likely structures instead of the minimum free
energy structure, which may be present with limited frequency within a cell. While
repeating the analysis, it is recommended that shorter mRNA sequences be used, perhaps
~100 nt up- and down-stream of the target site, to reduce the computational time required
for the predictions, but also because it will likely give more realistic predictions (long-
distance interactions are less likely).

A potential limitation of our approach used here is that the structure classification
scheme is qualitative in nature, depending on classifications that are not at present
quantifiable. Therefore, adapting our structure analysis technique to make the structure
classifications quantitative may be worthwhile and may allow it to be easily coupled with
the asymmetry calculation.

Lastly, there is the definite possibility that siRNA asymmetry and the guide strand
and mRNA target site structure calculations will be insufficient alone to predict siRNA
activity. As such, other variables frequently implemented in the literature should be
considered for inclusion in this algorithm (e.g., GC content, internal stability, etc). The
combination of these parameters could result in a viable algorithm founded primarily

upon mechanistically relevant effects that would be of use for siRNA selection.
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5.2.2 Further TRBP characterization

We have shown that TRBP alone is capable of sensing siRNA asymmetry and
that binding appears to require at least some double-stranded, A-form RNA. But where
exactly does TRBP bind an siRNA and how does it do so? The location of binding could
be determined by repeating the UV-crosslinking experiments with siRNAs containing the
4-thiouracil group in different positions along the duplex. I would anticipate that TRBP
most significantly interacts with the ends of the siRNA, with minimal interactions near
the Ago2 cleavage site in the center of the duplex and consistent with what (Tomari et al.,
2004) observed for R2D2. However, based on a model proposed by (Erard et al., 1998), I
speculate that TRBP will hydrogen bond between lysine or arginine residues in TRBP
and guanine nucleotides in the siRNA. Therefore, binding/crosslinking may depend on
stretches of G:C base-pairs or the positioning of G:C pairs relative to each other.

It is also possible that TRBP nonspecifically recognizes the two nucleotide
overhangs on either 3'-end of the siRNAs or the adjacent 5'-terminal nucleotide.
Recognition of overhangs has previously been documented for the PAZ domain of Dicer
(Ma et al., 2004; Ma et al., 2005), and it would not be surprising if TRBP did so as well.
Our results here with the 4-thiouracil crosslinking agent located at position 20 (the first
nucleotide in the overhang) suggest that TRBP is at least in close proximity to the
overhangs and determining if the overhangs are necessary would easily be tested within
the framework of our current experimental design by using siRNAs lacking overhangs.

Given the relative ease with which our binding/crosslinking experiments can be
performed, a more systematic study could be undertaken to test additional siRNA

chemical modifications (as outlined in Ch. 1) to identify their potential uses for dictating
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siRNA asymmetry. Also of interest would be to see if TRBP can asymmetrically
bind/crosslink to miRNAs to determine the role that TRBP plays in that related but albeit
slightly different pathway. Collectively, this work should provide insight into how TRBP

recognizes asymmetry and possibly highlight its broader role as a component of RISC.

5.2.3 Characterization of additional RNAi-related proteins

Human RISC is known to contain Dicer, TRBP, and Ago2 at a minimum
(MacRae et al., 2008). However, several other proteins, including but not necessarily
limited to, PACT, PKR, and RHA, may also interact directly with the complex and
participate in the RNAi pathway. Many of the proteins contain dsRBDs that should
mediate interactions with siRNAs, while others form protein-protein interactions directly
through their respective C-terminal domains (the 'Medipal' domain) (Laraki et al., 2008).
Although much is known about how these individual proteins function, their collective
roles when combined into a multimeric protein complex during RNAi have not been
studied.

The following experiments that I outline would require that some or all of these
proteins be recombinantly expressed and purified. This task may not be as daunting as it
initially appears. Our laboratory already has expressed and purified TRBP and PKR
(from plasmids obtained from (Daher et al., 2001) and (Bevilacqua and Cech, 1996),
respectively). PACT and RHA are similar to TRBP and PKR (they all contain multiple
dsRBDs), which suggests that they could be relatively easily expressed and purified as
either His- or MBP-tagged proteins, depending on their solubility. Instead, the most
difficult tasks would likely be the purification of Dicer (it needs to be expressed in insect

cells to ensure appropriate levels of post-translational modification) and Ago2 (it would
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probably contain contaminating ssRNAs). However, both have previously been purified
by (MacRae et al., 2008), suggesting that it is possible to obtain purified Dicer and Ago2.

The first experiments would be to determine if each of the proteins alone can
sense siRNA asymmetry, as TRBP does. If the work proposed in Ch. 5.2.2 is carried out,
this could logically be extended for the other proteins, as well, to clarify where and how
the proteins recognize siRNA (or ssRNA). Based on the similarity of PACT, the
activator of PKR, to TRBP (~42% identical) (Haase et al., 2005), there is a strong
possibility that it too can sense siRNA asymmetry. This result would be particularly
interesting if PACT provides an alternative means for selecting the siRNA guide strand.
Also, since both TRBP and PACT have been shown to interact directly with Dicer, and in
Drosophila, Dicer-2 appears to recognize the end opposite to R2D2 (Tomari et al., 2004),
it would be straightforward to verify that a similar effect occurs in humans.

The second set of experiments would be designed to determine the temporal
sequence of initial RLC formation, followed by final active RISC loading. It should be
possible to determine which of the trio of RISC proteins (Dicer/TRBP/Ago2) first binds
the siRNA, and where, and finally, when the guide strand gets loaded onto Ago2. The
remaining proteins (PACT, RHA, or PKR) could then be added at various points to study
their effects on the process. For example, RHA, as an RNA helicase, may enhance guide
strand loading onto Ago2 by unwinding the siRNA duplex.

Taken together, these experiments would effectively reconstitute RISC and make
it possible to clarify how the siRNA guide strand is initially loaded and subsequently

used to dictate RISC targeting to mRNAs.
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5.2.4 Further nanoparticle investigations

Just as it is important to develop a better understanding of how RISC forms and
guides mRNA target cleavage, considerably more work is also needed if the polymeric
nanoparticles we have developed are to be of value for delivering siRNAs in vitro. Our
initial results show that the NP/siRNA complexes are taken up by the cells but do not
cause appreciable reduction of the target protein levels. Therefore, additional studies are
required to establish methods for improving silencing when initiated via NP-delivered
siRNAs.

One possibility for achieving desirable levels of silencing is to characterize how
the NP/siRNAs enter the cells so that cytoplasmic localization can be maximized.
Polymers have been shown to enter cells through the endosomal pathway where their
cargo can be trapped and prevented access to the cytosol (Douglas et al., 2008;
Yezhelyev et al., 2008). Studies to track uptake typically utilize inhibitors of
endosomes/endosomal acidification so that fluorescently tagged molecules can be
monitored by confocal microscopy. These experiments could easily be repeated with our
fluorescently tagged NPs or siRNAs. For NP/siRNA complexes that are detained in the
endosomes, the polymers can be modified with pH sensitive moieties that can facilitate
endosomal escape, such as was engineered by (Rozema et al., 2003; Rozema et al., 2007;
Wakefield et al., 2005; Xiong et al., 2007), without causing excessive toxicity. After
determining if our NPs are localized in the endosomes, we could begin to modify the
polymer with these kinds of acid-labile groups to potentially enhance their release into

the cytoplasm.
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It is also possible that our NPs already enter the cytoplasm, and as a result of the
improved siRNA binding we achieved through modifications to the polymer, we may
have simultaneously made it more difficult for the siRNAs to be released. In that case, a
systematic approach to investigating NP degradation/siRNA release is appropriate.
Theoretically, these polymers are degradable into lactic acid derivatives (Gregory Baker,
personal communication). But we do not know on what time scale this might occur. A
useful study would be one that quantifies polymer degradation over time in various
solutions, such as water, buffer, and possibly cell extract. It may be possible to similarly
assess siRNA release from these complexes by performing gel shift assays and then
monitoring for free siRNA (siDNA) over time.

As an alternative method for accelerating siRNA release, the siRNA could be
attached directly to the polymer through disulfide bonds that would be subsequently
reduced in the cytoplasm. This method has also been pursued by (Rozema et al., 2007)
and is worth considering. Of course, if successful delivery and silencing can be achieved
with any one of the related NPs derived in this study, a nearly endless list of experiments
can be envisioned, perhaps culminating with an effective in vivo delivery study and

eventually a clinical trial.
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APPENDICES

Materials and Methods for Ch. 2

RNA secondary structure prediction and siRNA selection

The predicted secondary structure of the EGFP mRNA coding sequence was
obtained using default settings on the mfold web server version 3.2
(http://bioinfo.rpi.eduw/applications/mfold) or default settings on UNAFold version 3.4, an
updated algorithm replacing mfold (Markham and Zuker, 2005; Zuker, 2003). siRNAs
targeting the EGFP transcript were identified using Ambion Inc.'s siRNA Target Finder
(http://www.ambion.com/techlib/misc/siRNA_finder.html). A subset of these siRNAs
was further selected according to the structure of the mRNA target as predicted for the
minimum free energy (MFE) structure (Figures 2-1 and 2-2). Chemically synthesized
siRNAs with 3'-UU overhangs were purchased from Dharmacon. siRNA sequences and
GC content are available in Table 2-1, and the predicted EGFP mRNA structures targeted
by the siRNAs are shown in Figure 2-2. All siRNAs are referred to relative to the target
region, where the 5'-end is position 1, which corresponds to position 19 of the antisense
siRNA strand.
Cell culture and transfection

Human cervical carcinoma (HeLa) and human hepatocellular carcinoma (HepG2)
cells were grown in Dulbecco's modified Eagle medium (DMEM; Invitrogen)

supplemented with 10% (v/v) fetal bovine serum (Biomeda), 100 U/ml penicillin and 100
pg/ml streptomycin (Invitrogen) at 37°C in a 5% CO5 humidified incubator. For

transfection, HeLa cells were plated in 6-well plates at 200,000 cells/well and HepG2
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cells were plated in 12-well plates at 400,000 cells/well 24 h before use in medium
containing serum but lacking antibiotic. EGFP plasmid (4.0 pg for HeLa, 1.6 pg for
HepG2, d2EGFP (EGFP variant with an ~2 hr half-life), Clontech) and 30 nM siRNA
were transfected using Lipofectamine 2000 (3.5 and 6.0 pl, respectively; Invitrogen) in
OptiMEM (Invitrogen) according to the manufacturer’s protocol. The transfection
solution was replaced after four hours with complete culture medium.

Transfection efficiency was monitored by fluorescence microscopy 24 hrs post-
transfection using fluorescently tagged siRNAs (targeting position 126 of the EGFP
transcript or a non-targeting sequence (Block-iT Fluorescent Oligo; Invitrogen)). In all
cases, transfection efficiency was > 85%. Consistent cell viability, independent of
siRNA and/or EGFP plasmid transfection, was confirmed by both microscopy and
CellTiter-Blue Cell Viability Assay (Promega) performed according to the manufacturer's
instructions. Efficiency of EGFP plasmid transfection was similarly monitored by
microscopy. EGFP expression and cell viability were consistent throughout the
experiments.

EGFP protein expression quantification

EGFP expression was quantified from live cells 24 hrs post-transfection. Culture
medium was aspirated, cells were washed twice with phosphate buffered saline (PBS),
and then a volume of PBS equal to the culture medium volume was added. Finally,
fluorescence levels were measured using a SPECTRAmax GEMINI EM plate reader
(Molecular Devices) with excitation at 480 nm, emission at 525 nm, and cutoff filter at
515 nm, as recommended by the manufacturer. Relative fluorescence units (RFU) were

scaled to EGFP transfected cells with no siRNA (100%) and mock transfected cells with
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no siRNA or plasmid (0%). Fluorescence levels from mock transfected cells differed by
less than 2% compared to wells containing only PBS. Experiments were repeated at least
eight times (n > 8).

Data and analysis

RNA secondary structure predictions were performed on the genes targeted by
siRNAs in the dataset compiled by (Shabalina et al., 2006) that contained 653 siRNAs.
Prior to the analysis, we removed siRNAs targeting four non-human genes and deleted
five genes that contained over 6,000 nts, as this was the maximum length that could be
analyzed by mfold. Two other genes were removed due to difficulty in identifying the
appropriate target mRNA sequences. The final dataset consisted of 548 siRNAs (533
from (Shabalina et al., 2006) and 15 from this work) targeting 42 different genes. As
such, we expect that the pool of sequences used in our analyses is still sufficiently large
and targets enough different mRNAs to be representative of the entire siRNA target
landscape.

Structures targeted by siRNAs were identified from the MFE prediction of the
full-length mRNA sequence, as listed by the National Center for Biotechnology
Information (NCBI) on 12 April 2007, and analyzed as described in Ch. 2.3. The MFE
secondary structure of each siRNA guide strand was also determined using default mfold
settings and analyzed as described. Due to the variability in siRNA overhang
composition utilized througho{lt the literature (i.e., 3'-UU vs. 3'-dTdT vs. matching the
target site), 6nly the effects of the 19 nucleotide core on target structure were considered.
All other calculations including unpaired Student's t-test to compare two independent

groups were performed using Microsoft Excel.
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Materials and Methods for Ch. 3

Protein expression and purification

Plasmids encoding TRBP as a fusion product with maltose binding protein (MBP-
TRBP) and MBP alone were kindly provided by Dr. Anne Gatignol and expressed
essentially as described (Laraki et al., 2008). Briefly, plasmids were transformed into

Rosetta2(DE3) competent cells (Novagen). An overnight culture from a single colony

was diluted 1:50 (v/v) and grown for 3-4 hrs at 37°C, or until Aggg = 0.6-1.0, and then

induced with 0.3 mM IPTG. After 2 hrs of expression at 37°C, cells were pelleted (4000
rpm for 10 min), resuspended in Column Buffer (20 mM Tris-HCl, 200 mM NaCl, 1 mM
EDTA), lysed via sonication, and then clarified by high speed centrifugation (15,000 rpm
for 25 min). The supernatant was purified with an AKTA FPLC (GE Healthcare).
TRBP-MBP and MBP were eluted from a MBPTrap Column (GE Healthcare) with 5
column volumes of Elution Buffer (20 mM Tris-HCl, 200 mM NaCl, 1 mM EDTA, 10
mM Maltose) and stored in Elution Buffer at -80°C until use.

Protein concentration was measured by Bradford assay (BioRad) or Bicinchoninic
acid (BCA) assay (Pierce; Thermo Scientific). Products were assessed by separating
approximately equal amounts of protein per lane on denaturing linear 4-20% Tris-HCI
gels. Total protein was visualized by staining with Gel Code Blue (Pierce; Thermo
Scientific) and specific proteins were detected via western blot. For western blot, the
separated proteins were transferred to nitrocellulose membranes and then incubated
overnight at 4°C with the appropriate antibodies (MBP (New England Biolabs), TRBP
(Abnova)). Blots were washed with TBS-Tween, incubated for an additional 1 hr with

HRP-linked secondary antibody (Pierce; Thermo Scientific), and developed using the
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SuperSignal West Femto Maximum Sensitivity Substrate kit (Pierce; Thermo Scientific).
Images were obtained on a BioRad ChemiDoc XRS imager using Quantity One software.
Nucleic acids

DNA oligonucleotides were purchased from Integrated DNA Technologies.
Chemically synthesized RNAs were purchased from Dharmacon as either ready-to-use
siRNAs or ssSRNAs. The lists of sequences used are provided in Table 6-1 to 6-5. HIV-1
TAR RNA was prepared by in vitro transcription from a plasmid kindly provided by Dr.
K-T Jeang. Briefly, 1 pg of linearized plasmid DNA was transcribed with the
Megashortscript Kit (Ambion) following the manufacturer's instructions. Transcripts
were resolved in 8M urea-10% polyacrylamide gels, visualized by UV shadowing, and
eluted from gel slices by crushing and soaking in TE buffer (10 mM Tris, 1 mM EDTA)
for 10 min at 75°C. RNA was then concentrated by ethanol precipitation, washed with
70% ethanol, and quantitated spec&ophotometxically (NanoDrop). In order to remove the
5'-triphosphate, RNAs were treated with calf intestinal phosphatase (New England
Biolabs). Treated RNAs were purified first by phenol/chloroform extraction, then

ethanol precipitated, gel purified (as above), and concentrated. The concentration of the
product containing 5'-OH was again measured prior to end-labeling with [7-32P]-ATP

(see below).

129

v



Table 6-1 Nucleic acids used in Ch. 3 (listed 5' to 3').

Strand Name Sequence
pp-luc-ss CGUACGCGGAAUACUUCGAUA
pp-luc-ss-4SU(20) CGUACGCGGAAUACUUCGAUA
pp-luc-as UCGAAGUAUUCCGCGUACGUG

pp-luc-as-4SU(20) UCGAAGUAUUCCGCGUACGUG
pp-luc-ss-A(1) AGUACGCGGAAUACUUCGAUA
pp-luc-ss-C(19)  CGUACGCGGAAUACUUCGCUA

sodl-as GUCACAUUGCCCAAGUCUCUU
sod1-as-4SU(20) GUCACAUUGCCCAAGUCUCUU
sodl-ss GAGACUUGGGCAAUGUGACUU

sodl-ss-4SU(20) GAGACUUGGGCAAUGUGACUU
sodl-as-U(1)  UAGACUUGGGCAAUGUGACUU
sodl-as-A(19)  GAGACUUGGGCAAUGUGAAUU

EGFP-as UGCGCUCCUGGACGUAGCCUU
EGFP-as-4SU(20) UGCGCUCCUGGACGUAGCCUU
EGFP-ss GGCUACGUCCAGGAGCGCAUU

EGFP-ss-4SU(20) GGCUACGUCCAGGAGCGCAUU
EGFP-ss-U(1)  UGCUACGUCCAGGAGCGCAUU
EGFP-ss-C(19)  GGCUACGUCCAGGAGCGCCUU

EGFP-as-5'OCH3 mTGCGCUCCUGGACGUAGCCUU

EGFP-ss-5OCH3 mTGCUACGUCCAGGAGCGCAUU

U denotes 4-thiouracil; mT denotes 5'-O-methyl thymidine; underline denotes nucleotide
that is mismatched to its complementary sequence.
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Table 6-2 Nucleic acid duplexes used in Ch. 3 (top strand listed 5' to 3', bottom

strand listed 3' to 5').

Strand Name

Sequence

RNAss
RNAas

P*-GGCUACGUCCAGGAGCGCAUU
UUCCGAUGCAGGUCCUCGCGU-p*

DNAss
DNAas

pP*-GGCTACGTCCAGGAGCGCATT
TTCCGATGCAGGTCCTCGCGT-p*

RNAss
DNAas

P*-GGCUACGUCCAGGAGCGCAUU
TTCCGATGCAGGTCCTCGCGT-p*

DNAss
RNAas

pP*-GGCTACGTCCAGGAGCGCATT
UUCCGAUGCAGGUCCUCGCGU-p*

* denotes 5'-phosphorylation with 7-32P.
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Table 6-3 Nucleic acid duplexes targeting pp-luciferase used in Ch. 3 (top strand

listed 5' to 3', bottom strand listed 3' to 5').

Duplex Name

Strand Name

Sequence

a

pp-luc-as
pp-luc-ss

p*-UCGAAGUAUUCCGCGUACGUG
AUAGCUUCAUAAGGCGCAUGC-p*

b

pp-luc-as-4SU(20)
pp-luc-ss

P*-UCGAAGUAUUCCGCGUACGUG
AUAGCUUCAUAAGGCGCAUGC-p

pp-luc-as-4SU(20)
pp-luc-ss

p -UCGAAGUAUUCCGCGUACGUG
AUAGCUUCAUAAGGCGCAUGC-p*

pp-luc-as
pp-luc-ss-4SU(20)

P -UCGAAGUAUUCCGCGUACGUG
AUAGCUUCAUAAGGCGCAUGC-p*

pp-luc-as
pp-luc-ss-4SU(20)

P *-UCGAAGUAUUCCGCGUACGUG
AUAGCUUCAUAAGGCGCAUGC-p

pp-luc-as-4SU(20)
pp-luc-ss-4SU(20)

P*-UCGAAGUAUUCCGCGUACGUG
AUAGCUUCAUAAGGCGCAUGC-p*

pp-luc-as-4SU(20)
pp-luc-ss-A(1)

p*-UCGAAGUAUUCCGCGUACGUG
AUAGCUUCAUAAGGCGCAUGA-P

pp-luc-as-4SU(20)
pp-luc-ss-C(19)

p*-UCGAAGUAUUCCGCGUACGUG
AUCGCUUCAUAAGGCGCAUGC-P

pp-luc-as-4SU(20)
pp-luc-ss

pP*-UCGAAGUAUUCCGCGUACGUG
ATAGCTTCATAAGGCGCATGC-p

pp-luc-as
pp-luc-ss-4SU(20)

b -TCGAAGTATTCCGCGTACGTG
AUAGCUUCAUAAGGCGCAUGC-p*

[ e A—Li

U denotes 4-thiouracil; underline denotes nucleotide that is mismatched to its
complementary sequence; italics denote DNA strands; p denotes 5'-phosphorylation; *

denotes 5'-phosphorylation with 7-32P.
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Table 6-4 Nucleic acid duplexes targeting sod1 used in Ch. 3 (top strand listed 5' to

3', bottom strand listed 3' to §').

Duplex Name

Strand Name

Sequence

a

sod1-ss
sod1l-as

p*-GAGACUUGGGCAAUGUGACUU
UUCUCUGAACCCGUUACACUG-P*

b

sod1-ss-4SU(20)
sod1-as

P*-GAGACUUGGGCAAUGUGACUU
UUCUCUGAACCCGUUACACUG-P

sod1-ss-4SU(20)
sodl-as

P -GAGACUUGGGCAAUGUGACUU
UUCUCUGAACCCGUUACACUG-P*

sodl-ss
sod1-as-4SU(20)

P -GAGACUUGGGCAAUGUGACUU
UUCUCUGAACCCGUUACACUG-P*

sod1l-ss
sod1-as-4SU(20)

p*-GAGACUUGGGCAAUGUGACUU
UUCUCUGAACCCGUUACACUG-P*

sod1-ss-4SU(20)
sod1-as-4SU(20)

p*-GAGACUUGGGCAAUGUGACUU
UUOCUCUGAACCCGUUACACUG-P*

sod1-ss-4SU(20)
sod1-as-U(1)

P *-GAGACUUGGGCAAUGUGACUU
UUCUCUGAACCCGUUACACUU-P

sod1-ss-4SU(20)
sod1-as-A(19)

D*-GAGACUUGGGCAAUGUGACUU
UUAUCUGAACCCGUUACACUG-P

sod1-ss-4SU(20)
sodl-as

P*-GAGACUUGGGCAAUGUGACUU
UUCUCUGAACCCGUUACACUG-P

U denotes 4-thiouracil; underline denotes nucleotide that is mismatched to its
complementary sequence; p denotes 5'-phosphorylation; * denotes 5'-phosphorylation

with y->2P.

sodl-ss
sod1-as-4SU(20)

Db -GAGACUUGGGCAAUGUGACUU
UUCUCUGAACCCGUUACACUG-P*
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Table 6-5 Nucleic acid duplexes targeting EGFP used in Ch. 3 (top strand listed 5' to

3', bottom strand listed 3' to 5').

Duplex Name Strand Name Sequence

a EGFP-as p*-UGCGCUCCUGGACGUAGCCUU
EGFP-ss UUACGCGAGGACCUGCAUCGG-p*

b EGFP-as-4SU(20) p*-UGCGCUCCUGGACGUAGCCUU
EGFP-ss UUACGCGAGGACCUGCAUCGG-p

c EGFP-as-4SU(20) p -UGCGCUCCUGGACGUAGCCUU
EGFP-ss UUACGCGAGGACCUGCAUCGG-p*

d EGFP-as p -UGCGCUCCUGGACGUAGCCUU
EGFP-ss-4SU(20)  UUACGCGAGGACCUGCAUCGG-D*

e EGFP-as p*-UGCGCUCCUGGACGUAGCCUU
EGFP-ss-4SU(20) UUACGCGAGGACCUGCAUCGG-D

f EGFP-as-4SU(20) p*-UGCGCUCCUGGACGUAGCCUU

EGFP-ss-4SU(20)

UUACGCGAGGACCUGCAUCGG-p*

g EGFP-as-4SU(20) p*-UGCGCUCCUGGACGUAGCCUU
EGFP-ss-U(1) UUACGCGAGGACCUGCAUCGU-p
h EGFP-as-4SU(20) p*-UGCGCUCCUGGACGUAGCCUU
EGFP-ss-C(19)  UUCCGCGAGGACCUGCAUCGG-D
k EGFP-as-4SU(20) p*-UGCGCUCCUGGACGUAGCCUU

EGFP-ss-5'OCH3

UUACGCGAGGACCUGCAUCGTm

EGFP-as-5'OCH3
EGFP-ss-4SU(20)

mTGCGCUCCUGGACGUAGCCUU
UUACGCGAGGACCUGCAUCGG-p*

ST
. e

U denotes 4-thiouracil; mT denotes 5'-O-methyl thymidine; underline denotes nucleotide
that is mismatched to its complementary sequence; italics denote DNA strands; p denotes

5'-phosphorylation; * denotes 5'-phosphorylation with 7-32P.
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siRNA duplex thermodynamic calculation

The method for calculating the relative thermodynamic asymmetry for siRNA
duplexes was performed as described by (Hutvagner, 2005) using the most recent
nearest-neighbor values available (Mathews et al., 1999). Basically, the free energy (AG)
was calculated for each end of the duplex by summing the four terminal nearest-neighbor
values (stacking energies), the value for the first nucleotide of the overhang (single base
stacking energies), and a penalty of +0.5 kcal/mol for a terminal A:U pairing
(miscellaneous energies). The relative asymmetry (AAG) was then calculated by taking
the difference between the free energy of the AS 5'-end and the free energy of the SS 5'-
end. For example, for the asymmetric pp-luc siRNA, the AS 5-end AG = (-2.40) + (-
2.40) + (-2.40) + (-0.90) + (-0.60) + (0.5) = -8.2 kcal/mol, the SS 5'-end AG = (-2.40) + (-
2.20) + (-1.30) + (-2.20) + (-0.6) + (0.0) = -8.7 kcal/mol, yielding a AAG = (-8.2) — (-8.7)
= 0.5 kcal/mol. Since AAG > 0, it indicates that the SS 5'-end is more stably hybridized
than the AS 5'-end, thereby favoring incorporation of the AS into RISC.
Duplex preparation and end-labeling

For Figure 3-2, oligonucleotides were hybridized by mixing equal amounts of
both top and bottom strands in 1x STE buffer (10 mM Tris, 100 mM NaCl, 1 mM EDTA)
and then heated to 90°C for 3 min, followed by incubation at 37°C for 60 min. Products
were verified on native TBE gels stained with SYBR Gold (Invitrogen). Duplexes for

Figure 3-2 and ssRNAs (Figure 3-11) (3 pmol) were directly 5'-radiolabeled with 10
pmol of [7-32P]-ATP using T4 polynucleotide kinase (New England Biolabs);

unincorporated label was removed using G-25 Sephadex columns (Roche Applied

Science). TAR RNA (3 pmol) was similarly labeled following CIP treatment.
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For the remaining figures in Ch. 3 where strands were alternately hot and cold
labeled, individual single-strands (3 pmol) were labeled as described above (10 pmol of
ATP) in 25 pl reactions, where nonisotopic ATP was used for cold labeling. The 5'-O-
methyl modified strands were not end-labeled. The two strands comprising the siRNA
duplex were then mixed (50 pl), 5.56 pul of 10x STE was added for 1.0x STE final
concentration, and samples were heated to 90°C for 3 min and then 37°C for 60 min.
Unincorporated label was then removed from the annealed siRNA using the Sephadex
columns. Final products were verified on native TBE gels.

Native gel shift assay
TRBP binding was determined by gel shift assays using radiolabeled

oligonucleotides present at limiting concentrations relative to protein concentrations.

Binding reactions (10 pl) were prepared with ~l-3x104 cpm of nucleic acid and 350 nM

TRBP (unless noted otherwise) in Elution Buffer supplemented with 20 mM HEPES, 40

mM KCl, 1.5 mM MgCly, 0.1% Nonidet P40, and 10 U SUPERase-In (Ambion).

Samples were incubated at room temperature for 30 min, mixed with 2 pl of 5x Nucleic
Acid Sample Loading Buffer (BioRad), and 10 pl were loaded onto a pre-run native TBE
gel. Mini-gels were prepared where the top half of the gel was 4% (37:1
acrylamide:bisacrylamide) and the bottom half was a gradient between 4-20%. Gels
were run at 150 V for ~40 min, dried on filter paper under vacuum at 80°C for 50 min,
exposed to a storage phosphor screen overnight (~12-16 hrs), and then imaged on a
Storm 860 imager (GE Healthcare). Relative signal intensities were quantified using

Quantity One software and normalized within a single lane. Native gels for loading
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control were similarly prepared but with the volume of TRBP replaced with an equal
volume of Elution Buffer.
UV crosslinking, denaturing gel shift assay

TRBP crosslinking to nucleic acids was measured as in the native gel shift assay
except that after the initial 30 min binding, the samples were subsequently exposed to
312nm UV light (Fisher Scientific Electrophoresis Systems Transilluminator) for 10 min
while on an ice cold aluminum block (4°C). In order to minimize non-specific
crosslinking, the samples were covered by a Petri dish to block shorter wavelengths.
Samples were then mixed with 5§ pl of 3x SDS Sample Buffer (New England Biolabs),
boiled at 95°C for 3 min, collected by brief centrifugation, and 12 pl were loaded onto a
pre-run non-linear denaturing 4-20% Tris-HCI gel. Gels were run, dried, imaged, and
analyzed as described above. Statistical analyses are reported as p-values from unpaired,

two-tailed Student's ¢-test performed using Microsoft Excel.

Materials and Methods for Ch. 4

Nucleic acids

Three types of nucleic acids were considered: deoxyribonucleic acids (DNA),
plasmid DNA (pDNA), and short interfering ribonucleic acids (siRNA). DNA was
chemically synthesized by Integrated DNA Technologies (IDT) as 21 nt long sequences
(5-CTGGGTGCTCAGGTAGTGGTT-3', sense strand; 5'-
CCACTACCTGAGCACCCAGTT-3', antisense strand) that were complementary. When
hybridized, the dsSDNA product was 21 base-pairs long with TT overhangs on both 3'-

ends, similar to the structure characteristic of siRNAs. When noted, the DNA was
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modified with a 6-FAM on the 5'-end so that is would provide green fluorescence when
excited by UV light. Plasmid DNA encoding the destabilized version of the Enhanced
Green Fluorescent Protein (EGFP; d2EGFP, Clontech) such that the protein half-life was
~2hrs was prepared following standard protocols. siRNAs targeting the EGFP were
chemically synthesized by Dharmacon, Inc. and the sequences have been published
previously (Gredell et al., 2008). A non-targeting siRNA containing a FITC modification
on both 5'-ends for green fluorescence imaging was purchased from Invitrogen (Block-iT
Fluorescent Oligo).

Polymeric nanoparticle synthesis

Nanoparticles (NPs) were synthesized following the methods described in (Jiang
et al., 2008) and in more detail elsewhere (Gregory Baker, personal communication).
Gel shift assay

An siDNA 21 nt in length and possessing 2 nt overhangs on either 3'-end
(siDNA), analogous to an siRNA, was prepared by annealing complementary strands
according to standard techniques described in Appendices — Materials and Methods for
Ch. 3. To simplify imaging, both strands of the siDNA contained 5'-6-FAM
modifications.

NP or control polymer binding of siDNA was measured using a gel shift assay.
Briefly, 25 pl reactions were prepared in water with 200 nM dsDNA and NP
concentrations typically ranging from 0.10-7500 pg/mL. Reactions were incubated at
room temperature for 15 min before addition of 6.25 pl of 5x Nucleic Acid Loading
Buffer (BioRad). An aliquot of each sample (15 pl) was loaded onto a 0.8% agarose gel

(prepared in 45 mM Tris-Borate, 1 mM EDTA buffer) and electrophoresed at 50 V for
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~35 min, or until the first blue front was ~2/3 down the gel. Gels were imaged and
analyzed on a BioRad Chemidoc XRS machine. Band intensities for unbound siDNA
from lanes with NP were normalized to lanes containing only siDNA to determine the
fraction of unbound siDNA (fraction unbound = [intensity of unbound siDNA from NP
treated lane]/[intensity of untreated siDNA]). The fraction of bound siDNA was
calculated from the unbound fraction (fraction bound siDNA = 1 — fraction unbound).
Binding constants (K) were determined for each NP by fitting the fraction of siDNA
bound versus NP concentration to the Hill equation using Origin (Microcal Software,
Inc.).
Dynamic light scattering and transmission electron microscopy

NP/siDNA complex sizes were measured using dynamic light scattering (DLS)
and transmission electron microscopy (TEM) by first forming complexes as in the gel
shift assay and then following standard methods to be described elsewhere that were
specific to the particular technique (Gregory Baker, personal communication).
Application of nanoparticle/siRNA complexes to cell culture

The cellular response to NP or NP/siRNA complexes was evaluated by treating
the NP as if it were a lipid-based transfection and then applying it to cells grown in
culture according to standard transfection techniques (see Appendices — Materials and
Methods for Ch. 2 or www.invitrogen.com for details).

Initial validation of rhodamine-tagged NP uptake was performed after incubating
HeLa (human cervical carcinoma) cells with NP mixtures up to ~1.0 mg/ml for 24 hrs.

Cells were washed to remove NPs remaining in solution and then imaged by fluorescence
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microscopy to monitor the localization and intensity of rhodamine (red) signal (Figure 4-
2A).

The NP chemistries that were capable of binding siDNA were tested for their
effectiveness to facilitate siRNA uptake into H1299 cells (kindly provided by Prof. Claus
Bus) stably expressing an EGFP plasmid related to the one described in Appendices —
Materials and Methods for Ch. 2. A Dy547-modified siRNA synthesized by Dharmacon
(30 nM) and known to effectively silence the target EGFP mRNA was mixed with ~1.0-
5,000 pg/ml NP as in the gel shift assay using filter sterilized (< 0.22 um) solutions
whenever possible. Total volumes were scaled according to the volume of medium in
which the cells were cultured to achieve the desired final concentrations. NP/siRNA
complexes were applied to the H1299 cells for 24 hrs and then cells were imaged by
fluorescence microscopy to assess EGFP knockdown (loss of green signal) and siRNA
localization (red signal from Dy547). To measure NP or NP/siRNA toxicity profiles, the
EGFP signal from the H1299 cells was used as an indicator of total cell number. H1299
cells grown in 96-well plates were treated in triplicate with NP or NP complexed with a
non-targeting siRNA and EGFP levels were quantified from live cells as in Appendices —
Materials and Methods for Ch. 2. EGFP relative fluorescence units (RFU) were

calculated by normalizing levels for treated samples to untreated control samples.
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